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CF3COOH   Trifluoroacetic acid 
Co2(CO)8   Dicobalt octacarbonyl 
CO    Carbon monoxide 
CsOAc   Cesium acetate 
CuI    Copper(I) iodide 
Cu(OTf)2   Copper(II) triflate 
CuSO4    Copper(II) sulfate 
δ    Delta or chemical shift  
D    Donor  
D-A    Donor-acceptor 
DBU    1,8-Diazabicyclo[5.4.0]undec-7-ene 
1,2-DCE   1,2-Dichloroethane  
DCM    Dichloromethane 
D-A-A    Donor-acceptor-acceptor 
D-D-A-A   Donor-donor-acceptor-acceptor 
d    Doublet  
 xx 
dd    Doublet of doublets  
ddd    Doublet of doublet of doublets 
ddt    Doublet of doublet of triplets  
dtd    Doublet of triplet of doublets 
DMAC   Dimethylacetamide 
DMF    Dimethylformamide 
DMSO    Dimethyl sulfoxide 
DNP    Dinitrophenylhydrazine 
dr    Diastereomeric ratio 
EI    Electron ionization  
ESI    Electrospray ionization 
Et    Ethyl  
EtAlCl2   Ethylaluminum dichloride 
Et2AlCl   Diethylaluminum chloride 
EtOAc    Ethyl acetate 
Et2O    Diethyl ether 
EtOH    Ethanol  
F-C    Friedel-Crafts 
FMO    Frontier molecular orbital  
γ    Gamma 
g    Grams  
Ga(OTf)3   Gallium(III) trifluoromethanesulfonate 
h    Hour 
HA    Brønsted acid 
1H    Proton-NMR  
H2    Hydrogen  
H2O2    Hydrogen peroxide 
Hex    Hexane 
HFIP    1,1,1,3,3,3-hexafluoropropan-2-ol 
Hf(OTf)4   Hafnium triflate 
Hg(OTf)2   Mercury(II) trifluoromethanesulfonate 
HRMS    High resolution mass spectrometry 
Hz    Hertz 
IEDDA   Inverse electron demand Diels-Alder 
InCl3    Indium(III) chloride 
In(OTf)3   Indium(III) trifluoromethanesulfonate 
i-Pr    Isopropyl  
IR    Infrared spectroscopy  
K2CO3    Potassium carbonate 
KMnO4   Potassium permanganate 
LA    Lewis acid 
La(OTf)3   Lanthanum(III) triflate 
LDA    Lithium diisopropylamide 
LiClO4    Lithium perchlorate 
LiHMDS   Lithium bis(trimethylsilyl)amide 
m    Meta 
 xxi 
m    Medium or multiplet  
M    Molarity  
MeOH    Methanol  
Mg(OTf)2    Magnesium triflate  
MgSO4    Magnesium sulfate  
MHz    Megahertz 
mL    Milliliter  
MMC    Methyl malonyl chloride  
mmol    Millimole 
Mn(OAc)3   Manganese(III) acetate 
MO    Molecular orbital 
MS    Molecular sieves 
MsOAc   Methanesulfonyl acetate 
N2    Nitrogen  
NaBH4    Sodium borohydride 
NaH    Sodium hydride  
NaHCO3   Sodium bicarbonate 
NaOAc   Sodium acetate 
Na2SO4   Sodium sulfate 
Naphth              Naphthalene 
NEt3    Triethylamine  
Ni(OTf)2   Nickel(II) trifluoromethanesulfonate 
NMR    Nuclear magnetic resonance 
Nphth    Phthalimido 
o    Ortho 
O2    Oxygen 
Obs.    Observed 
OLED    Organic light-emitting diode  
p    Para 
PAF    Platelet activating factor  
PAA    p-Anisaldehyde 
Pd    Palladium  
Pd/C    Palladium on carbon 
PdCl2    Palladium(II) chloride 
Pd(OAc)2   Palladium(II) acetate 
PFK    Perfluorokerosene 
Ph    Phenyl 
Pip    Piperdine 
PKCβ    Protein kinase Cβ 
PMA    Phosphomolybdic acid 
POCl3    Phosphoryl trichloride 
PPA    Polyphosphoric acid 
ppm    Parts-per-million  
PQ    Pyrrolo[3,2,1-ij]quinoline 
Pr    Propyl 
PtCl2    Platinum(II) chloride 
 xxii 
PtCl4    Platinum(IV) chloride  
PtO2    Platinum(IV) oxide 
q    Quartet 
qd     Quartet of doublets 
qn    Quintet 
Rf    Retention factor 
Rh2esp2 Bis[rhodium(α,α,α′,α′-tetramethyl-1,3-
benzenedipropionic acid)] 
[RhCl2(Cp*)]2]    Dichloro(pentamethylcyclopentadienyl)rhodium(III) 
dimer 
rt Room temperature 
Ru3(CO)12 Triruthenium dodecacarbonyl 
s Singlet or strong 
SAR Structure-activity relationship 
Sc(OTf)3 Scandium(III) triflate 
SIRT1 Sirtuin 1 
SnCl4 Tin(IV) chloride 
t  Triplet 
t-Butyl Tert-butyl 
t-BuOOH Tert-butyl hydroperoxide 
td Triplet of doublets 
TBDPS Tert-butyldiphenylsilyl 
TFA Trifluoroacetic acid 
THF Tetrahydrofuran 
THI Tetrahydroindolizine 
THQ Tetrahydroquinoline  
Ti(i-PrO)3Cl Chlorotitanium triisopropoxide 
TIPB 1,3,5-triisopropylbenzene 
TLC Thin-layer chromatography  
p-TsOH p-Toluenesulfonic acid 
UV Ultraviolet 
w weak 
Yb(OTf)3 Ytterbium(III) trifluoromethanesulfonate 
Y(OTf)3 Yttrium(III) triflate 
ZnI2 Zinc iodide 












This PhD. thesis highlights novel uses of strained carbocycles (D-A 
cyclopropanes and D-A cyclobutanes) in both methodology development and application. 
At the beginning of each chapter, an exhaustive review of prior approaches to 
transformations of interest is carried out. The goals of such reviews are primarily three-
fold: (1) to discuss to the chosen synthetic phenomena in the proper historical context; (2) 
to fairly assess these prior synthetic approaches and ascertain their strengths and 
weaknesses (harshness of reactions conditions, breadth of substrate scope, efficiency, and 
versatility); and (3) to justify our performed synthetic endeavors as being important 
additions to the field of interest and to the synthetic community in general. 
Highlighted in this thesis are a few novel methodologies pioneered to date. 
Methods were developed, for the benefit of the synthetic community, to enable access to 
the following: azepino[1,2-a]indoles, cyclohepta[b]indoles, functionalized cyclohexenols, 
hexahydrobenzofurans, and contiguous, tetracyclic heteroaromatic scaffolds. In pursuing 
these scaffolds, completely new reactivity, was unfolded which included: (1) ring-
opening cyclizations of D-A cyclobutanes; and (2) cycloisomerizations of dense, lactone-
fused D-A cyclopropanes. Additionally, a strategy for an unprecedented bi-catalytic, 
tandem continuous flow approach to hydropyrido[1,2-a]indoles was successfully forged 
using “green”, scalable, and high-yielding conditions. Throughout this thesis, significant 
effort was dedicated to widening the accessible chemical space by developing synthetic 
strategies with particular emphasis on modularity and breath of scope. Presumably, with 
these methods in hand, synthetic chemists can now apply them, directly, towards the 
synthesis of select natural products and pharmaceutically-relevant compounds.  
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CHAPTER 1  INTRODUCTION  
1.1 Synthetic Chemistry: Utility and Challenges 
For a long time, synthetic chemistry has provided a reliable means to interesting 
molecules for materials,1 petrochemical,2 agrochemical,3 or pharmaceutical4 applications. 
Pharmaceutically-relevant compounds for example, both natural and synthetic, exhibit 
interesting bioactivities and can often be readily synthesized using judicious synthetic 
chemistry strategies. The field of the synthetic chemistry thus finds itself invaluable to 
mankind, and irreplaceable for several reasons: (1) natural products are usually obtained 
from tedious plant extractions whose yields are often impractically low for large-scale 
applications; (2) unnatural products, once conjured via genomic and proteomic studies, 
can only be realized synthetically in the laboratory;5 (3) the importance of specific 
(un)natural product functionalities can only be teased out through structure-activity 
relationships (SARs) via synthetic truncations or elaborations of parent molecules.6 Due 
to the power of synthetic chemistry, medicinal chemists are able to take initial (un)natural 
bioactive hits and fine-tune them into efficacious, value-added compounds enabling a 
chance at quality therapeutics. This forms the basis of the pharmaceutical industry, and 
the same principle applies to other chemical industries as well. 
The quest for quality compounds for various applications requires sound synthetic 
strategies as well as robust synthetic methodologies. Much effort has been dedicated to 
developing methods that allow chemical synthesis with several points of emphasis: (1) 
efficiency; (2) regioselectivity; (3) chemoselectivity; (4) stereoselectivity; and (5) 
versatility7. It is often very challenging to develop the ideal methodology, encompassing 
all five mainstays. In addition, society’s ever-increasing demand for more sophisticated, 
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complex, and higher performance molecules is virtually unquenchable. As a result, 
synthetic chemists are in constant pursuit of robust and improved methodologies to be 
made available for the entire chemistry community. On the other hand, some chemists 
pursue concise and elegant syntheses of specific molecular targets of value. Often, the 
most successful and convincing synthetic chemists combine these two paradigms: the 
development of novel, in-house methods that are then applied, directly, for targeted 
synthesis as a demonstration of synthetic utility. 
Overall, synthetic organic chemistry has indeed blossomed into an irreplaceably 
fruitful field of science. Over the past several decades, synthetic chemists have been able 
to synthesize astoundingly complex compounds (exemplified by taxol8 and Ciguatoxin 
CTX3C9 among many others) as well as effect nearly magical chemical 
transformations.10 Even with these awesome accomplishments, synthetic chemistry is yet 
to reach its pinnacle, and there is still much room for improvement. It has been expressed 
that new frontiers in synthetic chemistry may lie in rapid, complexity-building reactions 
and well as one-pot, multistep processes.7c Along that line, some criteria that chemists 
should consider, through research, include: (1) innovation – the need to build upon 
already existing methods, utilizing strategies to make them more robust; (2) invention – 
developing unprecedented transformations, allowing the possibility of new molecular 
disconnections. In this thesis, the development of new synthetic methods and their 
applications is highlighted with an emphasis on novelty, efficiency, selectivity, 
modularity and versatility. Particularly, documented herein are reliable syntheses of 
medium-sized carbo- and heterocycles, structural motifs that are prominent scaffolds in 
numerous bioactive compounds.  
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1.2 Paradigms Within Synthetic Chemistry 
While there are numerous approaches to chemical synthesis, the underlying 
principle remains the same: appropriate starting materials must be transformed into useful 
intermediates or final products. Early chemists were motivated by the need to elucidate 
and verify chemical structures and thus used synthetic chemistry as tool towards that 
end.11 Since then, the demand to be met by synthetic chemistry has grown to include the 
need to access bioactive and performance products, structure-activity relationships 
(SAR), mechanistic probing, as well as showcasing the limits of our synthetic 
capabilities.12  In trying to meet this demand, synthetic chemists adopt at least one of 
three main paradigms of chemical synthesis, depending on the motivation of the synthetic 
project: (1) target-oriented synthesis; (2) diversity-oriented synthesis; and (3) function-
oriented synthesis. 
1.2.1 Target-oriented synthesis  
Here, the goal is the synthesis of a specific target molecule, chosen using various 
criteria of bioactivity, physicochemical or electronic properties, structural complexity etc. 
If the target molecule is a natural product or derivative thereof, this paradigm is 
commonly referred to as total synthesis and biological activity is usually the drive for 
synthetic pursuits.13 In undertaking any target-oriented synthesis, retrosynthesis is a 
typically employed as tool for making judicious chemical disconnections.14 Often, the 
most efficient target-oriented syntheses involve retrosynthetic analyses invoking highly 
convergent synthetic routes as opposed to linear approaches. Sometimes, a retrosynthetic 
disconnection features a previously unknown transformation and therefore method 
development might be undertaken before the full-blown synthesis as validation for the 
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proposed disconnection. After reasonable retrosynthetic analysis has been proposed, a 
forward synthesis will then be undertaken. Typically multi-component reactions as well 
rapid, complexity-forming reactions (such as pericyclic transformations) are employed, 
allowing for speedy access to the target in a stereoselective manner.4d, 11a An example of 
efficient target-oriented synthesis is the triple domino reaction sequence for accessing the 
hainanolide and amphilectane frameworks.15  
1.2.2 Function-oriented synthesis 
Natural products with interesting biological activity often possess dauntingly 
complex molecular structures. At the same time, not all of the structural components of a 
natural product may be necessary to incite desired bioactivity. Function-oriented 
synthesis recognizes that the therapeutic value of a molecule can sometimes be realized, 
if not enhanced, by structurally simpler, easier to synthesize truncations of a complex 
natural product.7f This truncated derivative of a natural product in turn offers the 
opportunity for further derivatizations that can potentially enhance its biological activity 
and/or physicochemical properties. In addition, the elimination of unimportant peripheral 
functionalities in a natural product can have the added benefit of eliminating undesired, 
off-target activity in biological assays. Function-oriented has successfully be 
implemented in many instances, for example halichondrin B and dynemicin scenarios, in 
which their simplified analogs were synthesized in a step economic fashion while 
maintaining the potency of the original, parent natural products.16  
1.2.3 Diversity-oriented synthesis 
Small molecules can be used as effective probes for biological pathways, 
facilitating both therapeutic target validation and chemical target validation.4d, 17 
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Considering the general structural intricacy of secondary metabolites, it is generally 
believed that molecular complexity of small molecules probes is directly proportional to 
the success of those probes, perhaps due to tighter binding with proteins and enzymes.4d, 
18 The goal of diversity-oriented synthesis is rapid generation of structurally complex 
small molecules using either reagent-based or substrate-based diversification strategies.19 
These strategies may  employ pairings of complexity-building transformations in tandem, 
alterations of building blocks or utilization of branching reaction pathways.4d, 20 Chemical 
diversity and structural complexity can thus be achieved, leading to generation of robust 
molecular libraries for probing biological systems. 
1.3 Natural Products: Utility and Classification 
1.3.1 Natural Products as inspiration for therapeutics 
The utilization of plant extracts as sources of therapeutic agents dates back 
thousands of years. Many ancient civilizations, as far back to as 2900 BC, utilized barks, 
roots, and leaves of plants as remedies for various medical afflictions.21 As civilization 
has become more sophisticated, scientists were able to isolate compounds within plant 
extracts and ascertain their activities against specific diseases. This isolation and 
characterization led to the concept of “pure compounds” with significantly enhanced 
efficacies against specific diseases.21 In the early 19th century, active samples of bioactive 
agents such as strychnine, atropine, morphine and colchicine were rendered available and 
ultimately commercialized, with morphine being the first (sold by E. Merck in 1826).21 
Even now, natural products remain a crucial source of effective therapeutics, enabling 
longer life expectancies and better quality of life.22 
 6 
Nature, through evolution over billions of years, has devised protective 
mechanisms through a vast array of bioactive natural compounds. These compounds, 
referred to as secondary metabolites, are produced by plants and microorganisms as 
protective agents against pests and diseases.23  The administration of select secondary 
metabolites remains a mainstay of human-based therapeutics. 61% of anticancer and 49% 
of anti-infectives over the past several decades have been derived from natural 
products.24 The field of natural product discovery identifies potential therapeutics using 
two main strategies: (1) isolation; and (2) genome mining.24 Isolation, a traditional 
discovery technique, involves harvesting plant extracts followed by isolation and 
characterization of ‘hits’ in bioactivity assays.22a Isolation is often a lengthy process, and 
is marred by the possibility of missing crucial natural products that may be produced only 
under specific perturbations. On the other hand, the more recent genome mining strategy 
involves activation of gene clusters that code for enzymes involved in specific natural 
products biosynthesis. Genome mining, which invokes genomics, bioinformatics, and 
genetics, has rejuvenated the field of natural product discovery by offering the ability to 
realize previously unattainable discoveries.25 As in the case of coelichelin discovery from 
S. coelicolor, genome mining proves a powerful for predicting the discovery of a 
previously unknown natural products.26 
Despite the benefits of natural product discovery towards realization of human 
therapeutics, the pharmaceutical industry has steadily turned away from this field as a 
vehicle for drug discovery.27 This is because of the difficulty in undergoing natural 
product discovery in a high throughput format and the low percentage of successful 
discoveries. Current drug discovery efforts in the pharmaceutical industry involve high 
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throughput screening of molecular libraries to obtain initial ‘hits’ which are eventually 
subjected to an extensive lead optimization process to obtain preclinical candidates.28 As 
a result, most natural product discovery efforts are limited to academia. However, with 
the emergence of powerful genome-based techniques, natural product discovery may 
once again be adopted in the pharmaceutical industry to feed the drug discovery pipeline.  
1.3.2 Classes of Natural Products 
The total count, structural diversity and bioactivities of nature’s secondary 
metabolites are mind-blowing. More surprisingly, it is likely that many more natural 
products are yet to be discovered and characterized. The current set of known natural 
products is subdivided into classes based on structural similarity29 (Figure 1.1). Structural 
similarity in natural products results from compounds being synthesized via similar 
biosynthetic mechanisms. Polyketides, for example, are synthesized from enzymatic 




Figure 1.1. Classes of Secondary Metabolites. Crossovers Belong to Multiples Classes. 
 
1.4 Synthetic Strategies Towards Carbo- and Heterocycles 
A single glance at any catalog of natural products is enough to realize the 
importance of rings as structural motifs.30 Carbo- and heterocycles have thus been of 
particular interest to synthetic chemists and much effort dedicated towards their 
synthesis. Approaches to medium-sized ring synthesis include, but are not limited to: (1) 
metal-mediated cyclizations and annulations;31 (2) ring-closing metatheses;32 (3) 
cycloadditions and electrocyclizations;33 (4) radical cyclizations;34 and cascade 
reactions.35 
1.4.1 The concept of building blocks for organic synthesis 
Despite the synthetic paradigm in which he/she operates (target-oriented, function-
oriented or diversity-oriented), a synthetic chemist must take reasonable starting 
materials and forge them into desired products. Careful consideration and analysis of 
synthetic routes inevitably leads to the concept of building blocks – synthetic precursors 
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for the construction of organic compounds.36 The best and most practical building blocks 
are easily accessible, cheap and highly versatile. Famous examples include: allenes,37 
alkenes and alkynes,38 azomethine ylides,39 diazo compounds,40 aziridines,41 and 
epoxides,42 aromatic heterocyles43 etc. Organic building blocks form the basis of the 
structural architecture of synthetic chemistry.  
1.4.2 Strained Carbocycles as Building Blocks for Chemical Synthesis 
While there are many useful building blocks for chemical synthesis, cyclopropanes 
and cyclobutanes are a unique pair carbocycles, offering unparalleled versatility for 
access to diverse chemical scaffolds. The unique structure and bonding characteristics of 
these small carbocycles provide the basis for their matchless reactivity. As a result, 
efforts to understand the reactivity profiles of these building blocks enable their 
manipulation for strategic effectuation of cutting-edge transformations, an 
accomplishment beneficial to synthetic chemistry.  
1.4.3 Cyclopropane Building Blocks: Background and Bonding  
As early as the mid-20th century, chemists recognized the unique and interesting 
characteristics of cyclopropane. One of these characteristics was the puzzling 
spectroscopic profile of cyclopropane.44 When adjoined to double bonds or carbonyls, 
shifts in the spectra (such as IR) of those systems seemed to indicate some degree of 
conjugation revealing that cyclopropane had a significant degree of π-character. Further 
evidence of π-character was later discovered using Raman spectroscopy, whereby a 
strong similarity between C-H bond of cyclopropane and ethylene was detected.44 Other 
studies, such as quenching of cadmium resonance radiation experiments, also pointed 
towards cyclopropane having π-electrons. In terms of chemical reactivity, cyclopropane 
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also proved interesting: (1) addition reactions of cyclopropane with Br2 and H2 afford 1,2-
dibromopropane and propane respectively; (2) conjugate addition-type reactions of 
ketone-substituted cyclopropanes with nucleophiles; (3) unexpected kinetic stability 
towards combustion relative to other saturated, low molecular weight hydrocarbons.45 
These unusual properties seemed unique to cyclopropane and rare among any other 
cycloalkanes. In order to explain the unusual properties and reactivity of cyclopropane, 
chemists investigated its bonding characteristics. Three main models were invoked: (1) 
valence-bond (VB) theory; (2) molecular orbital (MO) theory; and (3) σ-aromaticity.  
VB theory for cyclopropane, credited to Forster, Coulson and Moffit, depicts the 
various atomic orbitals involved.46 In this theory, cyclopropane is constituted of three 
equivalent C-C bonds and six equivalent C-H bonds. The C-C bond calculated 
hybridization is sp1.706, indicating significant p-character, while that of the C-H bond is 
sp1.348, showcasing relatively high s-character. On the other hand, the overlap integral for 
C-C bonds is 0.827 and 0.833 for C-H bonds. Typically, higher overlap integral depict 
more effective mixing of orbitals hence stronger bonds.  This data helps explain the 
unusual strength of cyclopropyl C-H bonds (106.3 kcal/mol vs. 101.1 kcal/mol for 
ethylene).47 Another consequence of VB is the phenomenon of “banana” or “bent” bonds 
(Figure 1.2).48 In cyclopropane the C-C bonds do not directly point to the carbon centers, 
and a lot of electron density resides outside the internuclear distance.49 The bond angle 
initially starts off at 123° at the carbon atom but decreases with distance; on overage, it is 
about 110°.  “Banana bonds” explain why the effective bond angle in cyclopropane is 
larger than the mere 60° internuclear angle. Were the bond angles actually 60°, 
cyclopropane would be expected to have strain energy much higher than 27.7 kcal/mol. 
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Figure 1.2. "Banana" bonds in Cyclopropane. 
 
The MO theory, also known as the Walsh model, depicts three delocalized 
occupied molecular orbitals on cyclopropane (Figure 1.3).44, 50 The lowest-lying MO, 
housing two electrons, is formed by a linear combination of three sp2 atomic orbitals and 
is referred to as the “σ” orbital. The other four electrons reside in two degenerate MOs, 
known as the “quasi π orbitals” made from linearly combining three p orbitals. These 
“quasi π orbitals” explain the apparent double bond nature of cyclopropane, both in term 
of reactivity and spectroscopy.  
 
Figure 1.3. Molecular Orbitals of Cyclopropane. 
 
σ-Aromaticity results from not treating σ-bonds as localized entities.51 In this 
view, cyclopropane would have a cyclic array of six σ-electrons delocalized over the ring. 
The cyclopropane C-C bonds would be described as being in “σ-conjugation”. As a 




being “σ-aromatic”.48 This concept of σ-aromaticity would help explain several 
interesting phenomena: (1) low strain energy – using vibrational spectroscopy, the strain 
energy would be estimated to be in the range of 104 kcal/mol, much higher than the 
experimental value of 27.5 kcal/mol. σ-Aromaticity could justify the unexpected 
lowering of strain; (2) NMR data – cyclopropane protons are shifted upfield relative to 
typical values for aliphatic protons. Ring current has been invoked to explain unusual 
chemical shifts in NMR spectra in many systems.52 It should be noted, however, that 
while ring current has become a widely accepted phenomenon, its application to 
cyclopropane remains controversial as some studies seem to nullify its significance 
altogether.53 
1.4.4 Synthesis of Cyclopropanes 
As cyclopropanes have become formidable building blocks in synthetic 
chemistry, a literature survey of general approaches to their synthesis is in order. A 
variety of robust methods for synthesizing differently substituted cyclopropanes are 
available. Typically, cyclopropanes are derived from various olefin precursors, which, 
under the right conditions, undergo predictable reactivity to afford desired cyclopropanes. 
These conditions include: (1) halomethyl-metal-mediated protocols (Figure 1.4, a); (2) 
diazo decompositions (Figure 1.4, b); and (3) conjugate addition-cyclizations (Figure 1.4, 
c and d).54   
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Figure 1.4. Synthetic Routes to Cyclopropane Synthesis. 
 
1.4.4.1 Halomethyl-metal-mediated cyclopropanations 
 In the presence of diiodomethane, Zn-metal reacts to form an iodomethyl zinc 
complex, a powerful and stereospecific cyclopropanation agent.54 Mechanistically, a 
“butterfly-type” transition state is invoked in describing formation of the cyclopropane 
concomitant with ZnI2 generation (Scheme 1.1).54 As shown, the reaction proceed with 
complete retention of stereochemistry – trans-alkenes produce trans-cyclopropanes 
(Scheme 1.1, A) and vice versa (Scheme 1.1, B). This transformation, also known as the 
Simmons-Smith reaction, has been used extensively in literature, owing to robustness and 
excellent chemoselectivity.55 
 
Scheme 1.1. Stereospecific Cyclopropanations via Simmons-Smith Reaction. 
 
1.4.4.2 Cyclopropanations via decomposition of diazo species 
 Perhaps the most widely used strategy for cyclopropanations, transition metal-






































































synthetic chemists (Scheme 1.2).56 Using Rh-based catalysts, for example, the first steps 
involves a nucleophilic attack of the Rh center by diazo precursor 1 followed by an 
extrusion of molecular N2 and Rh(II) carbene 3 formation (Scheme 1.2, A).57 Once 
formed, carbenoid 3 can then react with alkene 4 leading to the formation of 
cyclopropane 6 via metalocyclobutane 5 (Scheme 1.2, B). While the mechanism depicted 
here is generally applicable for a number of metal-catalyzed cyclopropanations, it is 
noteworthy that many subtleties exist depending on the choice of metal (Cu, Rh, Ru, Co, 
Pt etc.), substitutions about the diazo, and electronics of the alkene.54  
 
 
Scheme 1.2. Cyclopropanations via Rhodium Catalysis. 
 
There are various inter- and intramolecular diazo-cyclopropanations available in 
the literature (Scheme 1.3). For example, malonate diazo 7 undergoes efficient 
intermolecular, Rh-catalyzed cyclopropanations afford a wide range of cyclopropanes 9 
(Scheme 1.3, A).58 Using this approach, both aromatic and aliphatic alkenes are 
employed to afford different corresponding cyclopropanes. On the other hand, some 
innovative intramolecular cyclopropanations using Cu and Rh can be used to access 
valuable intermediates such 11 (Scheme 1.3, B), which was then used in the total 
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stereoselective cyclopropanations are increasingly being developed through the use of 
chiral auxiliaries and chiral ligands.54 Clearly, the versatility of metal-catalyzed diazo-
cyclopropanations is invaluable and enables concise synthesis of valuable intermediates 
and molecular targets.  
 
 
Scheme 1.3. Cyclopropane Synthesis and Applications in Total Synthesis. 
 
1.4.4.3 Cyclopropanes via conjugate addition-cyclizations 
 Under basic conditions and in the presence alkyl halides (15) diisobutyltellane 
(16) forms tellurium ylides 17, intermediates that undergo nucleophilic additions onto 
α,β-unsaturated carbonyl compounds (Scheme 1.4).54, 60 Following this conjugate 
addition, a six-membered transition state 19, facilitated by metal salts, is presumably 
formed. This transition state features R1 and R2 in equatorial positions, leading to their 
subsequent trans-relationship upon cyclopropane formation. The consequential 
generation of cyclopropane 20 occurs via an intramolecular nucleophilic attack and 
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Scheme 1.4. Cyclopropane Synthesis via Conjugate Addition/Nucleophilic Displacement. 
 
1.4.5 Reactivity of cyclopropanes 
As building blocks, cyclopropanes are famously versatile and undergo a multitude 
of interesting reactions. Vinylcyclopropane, for example, has garnered much attention in 
the synthetic community. It was previously discovered that vinylcyclopropane can 
rearrange, under thermal conditions, to cyclopentene via two plausible mechanistic 
regimes: (1) diradical pathway; (2) pericyclic pathway.61 In the diradical pathway, 
homolytic cleavage of the C(1)-C(2) bond leads to the formation of radical species 24 
(Scheme 1.5, A). Cyclization of diradical 24 then leads cyclopentene 25. As with many 
transformation involving radical species, the stereochemical outcome of this mechanistic 
regime tends to unpredictable, and scrambling of stereochemistry is often observed. On 
the other hand, the pericyclic pathway features a concerted [1,3]-sigmatropic shift and 
leads to interesting and predictable stereochemical outcomes (Scheme 1.5, B).61-62 This 
predictability is because concerted [1,3]-sigmatropic shifts, being pericyclic, are 
governed by principles of orbital symmetry. Using these considerations, 
vinylcyclopropane 26 rearrangements can proceed through symmetry allowed 
antarafacial shift with retention of stereochemistry at C(2) (ar pathway). Conversely, a 
suprafacial pathway with stereochemical inversion at C(2) is also symmetry allowed (si 
pathway). These two symmetry-allowed pathways subsequently lead to cyclopentenes 27 
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which would afford respective cyclopentenes 29 and 30, are symmetry forbidden under 
this regime. It is noteworthy that, sometimes, vinylcyclopropane rearrangements can 
indeed occur via both the diradical and pericyclic mechanistic regimes in parallel. 
 
Scheme 1.5. Mechanism of Rearrangements of Vinyl Cyclopropane. 
 
Some synthetic chemists have taken advantage of thermal vinylcyclopropane 
rearrangements for target-oriented synthesis. (±)-(α)-Vetispirene (34), for example, has 
been synthesized via an acid-mediated MeOH elimination on ether 32 (Scheme 1.6, A).63 
Ether 32, in turn, is derived from a diastereoselective vinylcyclopropane rearrangement 
of 31 at elevated temperatures. In another example, rearrangement of silylether-
substituted cyclopropane 35 affords fused cyclopentene 36, an important intermediate to 
the synthesis of HSV-inhibitor aphidicolin 37 (Scheme 1.6, B).64 While these two 
examples demonstrate the utility of vinylcyclopropanes in particular, many other 
cyclopropane derivatives have been employed in effective strategies towards the total 
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Scheme 1.6. Vinylcyclopropane Rearrangements for Total Syntheses. 
 
1.4.6 Special class of cyclopropanes: D-A cyclopropanes 
Within the realm of cyclopropane building blocks is featured an interesting and 
increasingly popular subclass: the donor-acceptor (D-A) cyclopropanes. Regular, 
unactivated cyclopropane, while useful via rearrangements and other ring-fission 
reactions, is kinetically stable thus possesses a significant energy barrier to towards ring-
opening. D-A cyclopropanes feature a vicinal donor and acceptor substituents on the 
cyclopropane. This vicinal substitution polarizes the adjoining C–C bond, allowing for 
milder heterolytic bond scission  (Scheme 1.7, A).66 Incremental C-C bond polarization 
has been demonstrated through additional substitutions with donor and acceptor groups 
on cyclopropane systems. Upon bond cleavage, 1,3-dipoles are formed, intermediates that 













































reactions (Scheme 1.7, B). Consequently, D-A cyclopropanes have been utilized as 
gateways to cyclohexanones, tetrahydropyrans, and fused heteroaromatics, among many 
other molecular scaffolds.67d, 70  
 
Scheme 1.7. Reactivity of Donor-Acceptor Cyclopropanes. 
 
1.4.6.1 D-A Cyclopropanes in Methodology Development 
In the presence of aryl alcohols 39 as nucleophiles, D-A cyclopropanes 38 can 
undergo homo-conjugate addition (Scheme 1.8, A).71 This transformation, which 
involves an intermolecular SN2, attack at C(2), leads to complete inversion of 
stereochemistry at that center. By utilizing enantio-enriched precursor cyclopropanes, 
highly enantiopure aryl ethers can be synthesized. Other nucleophilic reactions are also 
possible with D-A cyclopropanes (Scheme 1.8, B). Arylative homo-conjugate additions, 
using indoles 42 for instance, have been developed and afford acyclic malonates 43.69b In 
this example, dynamic kinetic asymmetric transformations (DyKATs) using pybox-type 
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Scheme 1.8. Reactivity of D-A Cyclopropanes with Nucleophiles. 
 
In addition to nucleophiles, electrophiles are also competent reaction partners for 
D-A cyclopropanes. Along that line, iridium asymmetric catalysis has been applied for 
the ring opening-reaction of cyclopropane 44 to form a nucleophilic Ir-allyl complex 45 
(Scheme 1.9).72 In the presence of aldehyde electrophiles, an enantioselective C-C 
coupling occurs to form alcohols 47. This umpolung approach puts the electrophile next 
to the donor group and is complementary to normal-polarity cyclopropane reactivity.  
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The zwitterion formed upon Lewis acid-catalyzed ring-opening can react with a 
multitude of dipolarophiles to give [3+n]-cycloaddition products. In the presence of 
aldehydes, for example, functionalized tetrahydrofurans 50 are easily accessed using 
catalytic Fe conditions via an intermolecular [3+2]-cycloaddition transformation (Scheme 
1.10, A).73 Other interesting variations utilize intramolecular pathways as a means to 
access bicyclic scaffolds (Scheme 1.10, B). The tethered D-A cyclopropane 51 undergoes 
a Sc-catalyzed ring-opening cyclization to afford 1,5-dipole 52. Subsequent cyclization of 
dipole 52 leads to bicyclo[3.2.1]octanes 53.74 The net transformation is an intramolecular 
[3+2]-cycloaddition. The scope of possible intra- and intermolecular [3+2]-
cycloadditions possible using D-A is vast: many tetrahydrofurans,75 pyrrolidines,76 
acetal[n.2.1] frameworks,77 cyclopenta[c]chromenes,78 indene-2,4-diones,79 pyrrolo-
isoxazolidines,80 among many other fused-ring systems,81 are thus prepared this way.  
 
 
Scheme 1.10. [3+2]-Cycloaddition Reactions of D-A Cyclopropanes. 
 
Using D-A cyclopropanes with highly electron-rich donor groups, [3+3]-
cyclodimerizations are possible (Scheme 1.11).82 These transformations are 
characteristically sensitive to reaction conditions including solvent, temperature, donor 
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typically promote cyclodimerization (pathways a and b), leading to the formation of 1,4-
diarylated cyclohexanes 54 and tetrahydronaphthalenes 55, respectively. Product 54 is 
formed from a head-tail-type dimerization of one zwitterion onto the other, while 55 
results from an intramolecular Friedel-Crafts alkylation one dimer segment by the donor 
of another. Finally, cyclodimerization pathway c, which involves no participation of the 
enolates formed, occurs via carbocation trappings of the donor-stabilized carbocations of 
each donor by the donor group of the other. This pathway affords dihydroanthracenes 56 
and is catalyzed by the relatively less Lewis acidic Sn(OTf)2 catalyst. For each pathway, 
judicious substitutions on the donor groups allow tunability towards the intramolecular 
attack of the intermediate carbocations with either enolate of aryl group.  
 
Scheme 1.11. [3+3]-Cyclodimerization Reactions of D-A Cyclopropanes. 
 
Many other [3+n]-cycloadditions are available (Scheme 1.12) using D-A 
cyclobutanes and nitrones, azides, dienes and other cycloaddition coupling partners.83 
Some interesting examples include [3+3]-cycloadditions with nitrones 57 and α-diazos 59 












































Cyclohexene 60 formation involves an initial [3+2]-cycloaddition of a D-A cyclopropane 
with silyl enol ether 59, followed by a Rh-catalyzed ring-expansion; the result being a 
formal [3+3]-cycloaddition. On the other hand, in the presence of 1,2-
diphenylisobenzofuran (61) and Yb(OTf)3-catalyzed, D-A cyclopropanes can under [3+4] 
cycloadditions to form dense polycycle 62 in 92% yield.86 
 
Scheme 1.12. Other [3+n]-Cycloadditions of D-A Cyclopropanes. 
 
1.4.6.2 D-A Cyclopropanes in Total Synthesis of Natural Products 
As has been highlighted, D-A cyclopropanes are highly versatile building blocks 
and allow synthesis of many interesting chemical motifs. Importantly, the synthetic utility 
of D-A cyclopropanes has been further demonstrated through their use in the total 
synthesis of natural products. More than forty years ago, Stork et. al. reported a novel D-
A cyclopropane ring-opening cyclization for the assembly of interesting fused polycycles 
64 and 65 (Scheme 1.13, A).87 Corey et al. then adopted this method in the total synthesis 















































Marino et. al. utilized a similar approach for the formal synthesis of the bioactive natural 
product dihydrocompactin.89 Other natural products, such as prostaglandins E and F, have 
analogously been synthesized.90 Since these pioneering examples, many synthetic 
chemists have adopted D-A cyclopropanes for concise targeted syntheses of alkaloid, 
terpenoid, and steroid natural products.66a 
 
Scheme 1.13. Ring-Opening Cyclizations of D-A Cyclopropanes and Application. 
 
  More recently, after almost 50 years since Stork’s methodology, D-A 
cyclopropanes are still being employed in total synthesis. In an application by Waser et 
al., ring-opening cyclization transformations of D-A were found to be catalyst dependent 
(Scheme 1.14).91 Using soft Lewis acid catalysts, such as Cu(OTf)2, an arylative ring-
opening cyclization smoothly afforded cyclohexa[b]indole 72. Cbz deprotection of 72 
concluded the formal synthesis of aspidospermidine (73),92 an anticancer agent. On the 
other hand, catalytic amount of TsOH enable the formation of hydropyridoindole 75 via 





















































the total synthesis of another anticancer compound; (±)-goniomitine (76). Presumably, 
the differential in cyclization pathways is due to whether acyl iminium intermediate 71 is 
formed in the transformation. The soft Cu(OTf)2 Lewis acid was hypothesized to favor 
the formation of this intermediate which, in turn, led to cyclization via the softer indole 
C3 position. Conversely, a hard-hard interaction is experienced in the case of TsOH, 
where the N-atom quenches an intermediate carbocation on the piperidine ring in 
intermediate 74.   
 
Scheme 1.14. D-A Cyclopropanes for Divergent Synthesis of Indole Alkaloids. 
 
1.4.7 Summary: cyclopropanes and their reactivity  
For many decades, cyclopropanes have fascinated synthetic chemists due to their 
unique properties and unusual reactivity profiles. It has since been proven, beyond any 
reasonable doubt, that these strained carbocycles allow access to a variety of interesting 
scaffolds, either unachievable or difficult using any other precursors (Figure 1.5). As 
such, cyclopropanes allow rapid and concise entry into numerous carbocyclic and 































































chemists have dedicated considerable effort around cyclopropanes, both for their 
syntheses and their subsequent transformations into more complex, value-added 
intermediates or final products. Ultimately, the synthetic utility or cyclopropanes has 
been cemented through their use as building blocks for the total synthesis of natural 
products.  
 
Figure 1.5. Overview of Importance of D-A Cyclopropanes in Chemical Synthesis. 
 
1.5 Cyclobutane  Building Blocks: Background and Bonding 
Whereas cyclopropane has interested chemists for decades because of its unusual 
properties and reactivity as cycloalkane, cyclobutane represents the smallest cycloalkane 
with typical characteristics expected of regular, linear alkanes. As such, cyclobutane 
provides a kind of “bridge” between the odd properties of cyclopropane and the more 
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“normal” characteristic of larger-ring cycloalkanes. In an attempt to reduce significant 
torsional strain between its adjacent methylene groups, cyclobutane adopts a puckered 
conformation (two, inter-convertible forms) with a C-C-C bond angle of 88° (Figure 
1.6).93 While the puckered conformation leads to lowering of torsional strain, it also leads 
to a smaller C-C-C bond angle thus increasing angle strain. The balance between angle 
and torsional strain (total Estrain = 26.3 kcal/mol) dictates the equilibrium geometry. 
Another interesting aspect of the geometry of cyclobutane is that the methylene units are, 
surprisingly, rotated and point inwards in the puckered conformation.94 This allows these 
CH2-units to have local C2v symmetry. Were it not for this symmetry, the planar 
conformation of cyclobutane might be expected to be more stable than the puckered one. 
 
Figure 1.6. Conformations of Cycobutane. 
 
One way of visualizing bonding in cyclobutane is by considering it as being 
constructed from CH2-units, interacting with each other (Figure 1.6).95 The sigma-type 
and p-type orbitals interact with themselves to produce bonding and anti-bonding 
orbitals. MO diagrams (Figure 1.7) represents the results of overlapping of those orbitals 
– orbitals on the left originate from sigma interactions while those on the right are from p 
interactions. The resulting MO picture has four, filled bonding orbitals accompanied by 












high degree of p-character, a property that leads to the C-H bonds being unusually strong 
due to their enhanced s-character.96 The bond dissociation energy of C-H bonds in 
cyclobutane is 99.8 kcal/mol in comparison with 108.4 kcal/mol for cyclopropane.  
 
 
Figure 1.7. Molecular Orbital Diagram for Cyclobutane. 
 
An interesting theory for bonding characteristics of cyclobutane involves σ-anti-
aromaticity.97 σ-Anti-aromaticity results due the eight electrons constrained in the cyclic 
C-C bonding framework. NMR evidence appears to be support this notion – cyclobutane 
has an abnormally low magnetic susceptibility and as well as 1H and 13C spectra that are 
deshielded. The paratropic ring current phenomenon would explain the observed NMR 
shifting in the cyclobutane and is an indicator of σ-aromaticity. 
1.5.1 Synthesis of Cyclobutanes 
Due to the ever-increasing utility of cyclobutanes in chemical transformations, 
many synthetic protocols have been developed for their synthesis. The most common 
precursors for cyclobutane synthesis are olefins, ketenes, and 1,3-dihaloalkanes. Using 








cyclobutane precursors, respectively (Scheme 1.15, A).98 On the other hand, with 1,3-
dihaloalkanes or equivalents, double nucleophilic displacement reactions with a C1 
equivalent furnishes desired cyclobutane (Scheme 1.15, B). 
 
 
Scheme 1.15. Strategies for Cyclobutane Synthesis. 
 
1.5.1.1 Photochemical [2+2] cycloadditions  
 The photochemically-induced [2+2]-cycloaddition of two alkenes is allowed by 
the principles of orbital symmetry. Typically, this process involved excitation of electron 
from the HOMO (π in nature) to the LUMO (π*) (Scheme 1.16).96 The initial excited 
state is singlet in nature, and is relatively short-lived. Through intersystem crossing, the 
olefin decays into a triplet state.99 The newly occupied orbital becomes a SOMO, and in 
this state, the activated alkene 86 can react with a neighboring alkene to form an exciplex 
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spin inversion, proceeds to the singlet state. Finally, ring-closure occurs to afford the 
desired cyclobutane 89.  
 
Scheme 1.16. Mechanism for [2+2]-Photocycloaddition. 
 
[2+2]-Photocycloadditions lead to very interesting stereochemical outcomes. In 
the excited state, an enone such as 85 typically has its polarity reversed as shown in 
intermediate 85’ (Scheme 1.17).100 Given this consideration, isopropylene, in the 
configuration 90a, offer the best match-up of dipoles leading to “head-to-tail” (HT) 
cyclobutane 91 as the predominant product. On the other hand, a less favored dipole 
interaction is depicted in configuration 90b and affords cyclobutane 92 as the “head-to-
head” (HH) minor product. This propensity for HH product formation is consistent across 
many other cyclohexenone precursors and can be enhanced by more polarized dipoles 
such as ketene acetals. This has been seen in the synthesis of cyclobutane-containing 
steroidal core 93.100a Another interesting outcome of [2+2] photocycloadditions is the 
surprising formation of the less thermodynamically stable trans-cyclobutane HT 
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Scheme 1.17. Stereochemical Outcomes for the [2+2]-Photocycloaddition. 
 
1.5.1.2 [2+2] cycloadditions with ketenes 
 Ketenes are competent building blocks for cyclobutane synthesis.101 In a 
representative example, 1,1-dicholoketene 96 undergoes Zn-mediated [2+2] 
cycloaddition and then dehalogenation                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
to form cyclobutanone 97 (Scheme 1.18).102 Ketenes typically react in a concerted 
fashion, forming cyclobutanones with retention of stereochemistry. Acetal-forming 
conditions using TsOH in MeOH then affords cyclobutane 98 in 87% yield. 
 
Scheme 1.18. Synthesis of Cyclobutanes Using Ketenes. 
 
1.5.1.3 Other Cyclobutane-forming reactions 
 Many other strategies for synthesizing cyclobutanes have been developed.103 For 
example, In the presence of visible light, Ru-based photocatalysis affords cyclopentane-
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from dienones 99. On the other hand, Al-mediated formal [2+2]-cycloadditions amide 
enes 101 and ketene acetal 102 produces cyclobutanes 103 as single diastereomers 
(Scheme 1.19, B).105 Other methods include intramolecular 1,4-cyclizations under basic 
conditions to yield desired cyclobutanes 105 and 108 (Scheme 1.19, C).106 
 
Scheme 1.19. Alternative Cyclobutane Syntheses. 
 
1.5.2 Cyclobutanes as Precursors in Method Development 
Cyclobutanes have been utilized as precursors for a variety of important chemical 
scaffolds. Many of the transformations of cyclobutanes are driven by the consequential 
release of strain upon ring opening. BF3OEt2-mediated ring-opening of cyclobutane 109, 
for example, affords spirocyclic diketone 110 after desilylation (Scheme 1.20, A).107 
Various value-added spiro-products (lactones and lactams) are thus obtained in yields up 
to 84%. In another example, single-electron reduction of cyclobutane 111 using Na in 














up to 98% yield














































Scheme 1.20. Ring-Opening Reactions of Cyclobutanes. 
 
Other interesting ring-opening transformations include ring contractions and 
expansions. When subjected to BF3OEt2, POCl3, or Raney Ni, cyclobutane 113 was 
demonstrated to readily undergo ring-contractions to cyclopropanes 114 (Scheme 1.21, 
A)109. This transformation effectively converted a 5-4-6- to 3-6-6 fused ring systems with 
yields ranging from 55% to 94%. In contrast, the enolate cyclobutane 115 undergoes 
nucleophilic attack and desulfurization to form intermediate 117 (Scheme 1.21, B)110. 
Formation of intermediate 117 is also driven by an eventual thermodynamic sink - 
aromatization. Finally, an intramolecular nucleophilic displacement furnishes 
naphthalene-fused tetrahydrofuran 118. 
 































































1.5.3 Cyclobutanes as Building Blocks in Total Synthesis 
As testament to their synthetic utility, cyclobutanes have found use as precursors 
to a variety of natural products (Scheme 1.22).111 Their versatility enables rapid 
complexity generation of polycyclic scaffolds. Using strategic cyclobutanations and ring-
opening approaches, synthetic transformations that would otherwise be laborious can be 
undertaken in a more step-economic fashion. Through judicious use of substituents and 
reaction conditions, chemical transformations can be effected in a stereoselective manner 
and under mild reaction conditions. As such, cyclobutanes have been recognized as 
invaluable building blocks to synthetic chemists. 
 
Scheme 1.22. Acessible Natural Products Using Cyclobutane Precursors. 
 
1.6 A Special Class of Cyclobutanes: The D-A Cyclobutanes 
Among cyclobutanes is a special class of the building blocks for chemical 










































26 kcal/mol), vicinal substitution with electron donating and electron withdrawing groups 
on cyclobutanes allow for increased propensity towards ring opening (Scheme 1.23). As 
an added advantage, the adjoining bond, C(1)-C(2), is the weakest allowing for 
predictability of C-C bond fission upon Lewis acid activation. This reactivity is similar to 
the analogous and well-studied D-A cyclopropanes.67d, 70, 113 Ring-opening 
transformations of cyclobutanes typically affords 1,4-zwitterionic synthons, intermediates 
capable of undergoing divergent reactivity including: (1) cycloadditions; (2) 
rearrangements; and (3) attack by electrophiles and nucleophiles.112 
 
Scheme 1.23. Reactivity of D-A Cyclobutanes. 
 
It is conceivable that since D-A cyclobutanes and cyclopropanes bear strong 
similarities (in ring strain and barrier to ring-opening), they should undergo reasonably 
similar reactivity. Guided by the extensively studied D-A cyclopropane reactivity, many 
synthetic chemists have made significant strides to invent analogous reactions for D-A 
cyclobutanes. As a result, one such area of reactivity that has gained much traction 
recently is the [4+n]-cycloaddition reactions.114 Examples of this transformation include 
reactions of D-A cyclobutanes with arylnitroso compounds 118 and nitrones 119 to 
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(formal [4+3] cycloadditions),116 respectively (Scheme 1.24). These reactions, catalyzed 
by Yb(OTf)3, involve nitroso compounds and nitrones acting as dipolarophiles allowing 
smooth reactivity in good to high yields. Other dipolarophiles, such aldehydes 123, are 
also possible. Upon reacting the D-A cyclobutanes in the presence of catalytic Sc(OTf)3, 
functionalized tetrahydropyrans 124 can be synthesized in high yields and excellent 
diastereoselectivity.117 In other examples, utilization of alkyne dipolarophiles 126 
furnishes dihdrooxepines 125 and fused tetrahydrofurans 127 in a chemodivergent 
fashion.118  
 
Scheme 1.24. Formal Cycloaddition Reactions Using D-A Cyclobutanes. 
 
The examples indicated (Scheme 1.24) demonstrated the potential of D-A 
cyclobutanes to undergo transformations analogous to their cyclopropane counterparts. 
D-A cyclopropanes have historically received much more attention than D-A 
cyclobutanes and therefore are more extensively studied.67d However, a recent trend 
shows increasing popularity of D-A cyclobutanes as subjects for methodology 
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reactions using D-A cyclobutane 128 (Scheme 1.25).119 Presumably, in the presence of 
1M HCl, cyclobutane 128 undergoes a ring-opening whereby the intermediate 
oxacarbenium ion 131 is trapped by H2O to form an intermediate hemiacetal. This 
hemiacetal can then undergo an intramolecular nucleophilic attack onto the ketone afford 
densely fused acetals 130 as the final products. On the other hand, the oxacarbenium ion 
131 can also undergo a Hosomi-Sakurai-type allylation using ally-TMS to form bicyclic 
compound 129. 
 
Scheme 1.25. Other Ring-Opening Reactions of D-A Cyclobutanes. 
 
1.6.1 Summary: Cyclobutanes and Their Reactivity 
Cyclobutanes are unique since they bridge the gap between the highly unusual 
cyclopropane with the larger cycloalkanes. Armed with an equivalent degree of ring 
strain, cyclobutanes can undergo rearrangement and ring-opening reactivity analogous to 
cyclopropanes (Figure 1.8). As result, cyclobutanes allow entry into chemical scaffolds 
complementary to those of corresponding cyclopropanes. In investigating cyclobutanes, 
synthetic chemists have begun to appreciate that cyclobutanes are formidable synthetic 
precursors in their own right, offering compelling transformations into unique molecular 































therefore not inconceivable that cyclobutanes may one day blossom into prominent “go-
to” building blocks for chemical synthesis.  
 
 
Figure 1.8. The Chemistry of Cyclobutanes. 
 
1.7 Scope of Thesis 
This thesis demonstrates novel uses of strained carbocycles (D-A cyclopropanes 
and D-A cyclobutanes) in both methodology development and application (Figure 1.9). 
At the beginning of each chapter, an exhaustive review of prior approaches to 
transformation of interest is carried out. The goals of such reviews are primarily three-
fold: (1) to discuss to the chosen synthetic phenomena in the proper historical context; (2) 
to fairly assess these prior synthetic approaches and ascertain their strengths and 
weaknesses (in terms of choice and loading of Lewis acids, harshness of reactions 
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conditions, breadth of substrate scope, efficiency, and versatility); and (3) to justify our 
performed synthetic endeavors as being important additions to the field of interest and to 




Figure 1.9. Scope of Dissertation. 
 
Chapter Two, the “Exploratory Chemistry” chapter, recognizes the young and 
budding field of homo-Nazarov chemistry as being rich in potential areas of exploration 
(Figure 1.9). Discussed in this chapter is the history of the homo-Nazarov reaction all the 
way from its conception (which was inspired by the parent Nazarov cyclization) to the 
present day catalytic and efficient variations. Over the past decade, one of the biggest 
challenges for this reaction has been to lower the amounts of Lewis or Bronsted acids to 
sub-stoichiometric or catalytic levels. The France lab, together with other groups, has 
been able to address this issue. More importantly, we have been able to develop 
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These interrupted variations offer new methods that we hope will propel the synthetic 
community into recognizing the utility of the homo-Nazarov cyclization and its variants. 
A tale of the genesis, rationale and effectuation of the catalytic interrupted homo-Nazarov 
reaction is expounded upon in detail. Of note is the use of an ester group as the secondary 
acceptor on the D-A-A cyclopropane, which leads, directly, to catalysis and 
regioselectivity. Interruption reactions are carried out using allylsilane, arene, and 
heteroarene nucleophiles to form a broad range of highly functionalized cyclohexanones 
and cyclohexenols. “Exploration as a trigger for synthetic novelty and utility”, is the 
catch phrase for Chapter Two.  
Moving away from the exploratory nature of Chapter Two, Chapter Three shifts 
emphasis entirely. This chapter recognizes and elaborates the importance of azepino[1,2-
a]indoles as scaffolds in numerous indole alkaloid natural products (Figure 1.9). A survey 
of literature methods for synthesis of this scaffolding is performed and reveals a 
deficiency: the lack of efficient and generalized protocols for synthesis of azepino[1,2-
a]indoles. This deficiency is immediately recognized as an opportunity. Given our 
continued interest in strained carbocycles, this chapter invokes D-A cyclobutanes as 
precursors to azepino[1,2-a]indoles. Furthermore, a method is developed in which the D-
A cyclobutanes need not be synthesized and isolated separately for a subsequent 
cycloisomerizations. Indeed, D-A cyclobutanes are thus synthesized in situ via formal 
[5+2] cycloadditions of alkenes and alkylidenes for furnish desired azepino[1,2-a]indoles 
in high yields, diastereoselectivities and under mild Lewis acid catalytic conditions. This 
azepino[1,2-a]indole synthesis is then used to as inspiration for the synthesis of 
cyclohepta[b]indoles, another important chemical scaffold in the indole alkaloid family 
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of natural products. “Recognition of the underutilization of D-A cyclobutanes as versatile 
synthetic building blocks” best describes the motivation and summary of Chapter Three.  
In Chapter Four, the gear is shifted again. This chapter develops a methodology 
with mostly one specific target audience in mind - industry. This chapter discusses a 
previous methodology first conceived in the France lab; the ring-opening cyclization of 
D-A cyclopropanes to afford important hydropyrido[1,2-a]indole scaffolds (Figure 1.9). 
Addressed in this chapter is a tale of the development of an unprecedented tandem, 
bicatalytic cyclopropanation-ring-opening cyclization protocol for the high throughput 
synthesis of hydropyrido[1,2-a]indoles using continuous flow technology. The sheer 
complexity of this idea upon its conception is recognized, and this led to partnering with 
some wonderful chemical engineers from the Eckert-Liotta lab. Through this 
collaboration, transfer of the tandem protocol from batch to a continuous flow setup was 
successfully effectuated.  
Chapter Five attempts to maintain a theme conceived in Chapter Four: the 
development, and more importantly, application of a methodology towards a specific 
goal.  In the case of Chapter Five, the goal is the development of a stepwise 
intramolecular cyclopropanation then intramolecular ring-opening cyclization to afford 
unprecedented lactone-fused heteroaromatics (Figure 1.9). Furthermore, it is highlighted 
that this protocol could prove very valuable for a concise synthesis of propolisbenzofuran 
B, a bioactive natural product. A reasonable retrosynthesis, as well as forward synthesis 
of a model system, is demonstrated as evidence towards the utility of this synthetic 
protocol. “Cycloisomerization with a twist: densely functionalized D-A cyclopropanes en 
route to propolisbenzofuran B” neatly sums up efforts performed in this chapter.  
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Finally, Chapter Six attempts to summarize findings of all preceding chapters, the 
value of D-A cyclopropane and cyclobutanes, and will proffer potential future 
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CHAPTER 2  NOVEL INTERRUPTED HOMO-NAZAROV 
CYCLIZATIONS†,‡,1 
2.1 Oxyallyl Cations: Chemical Transformations and Synthetic Utility 
Oxyallyl cations have become a famously versatile class of electrophilic reactive 
intermediates. Early examples of the utilization of these intermediates in reactions 
involved simple systems, such as 2-methoxyallyl cation 2, and their subsequent reactivity 
with dienes to afford bicyclic ketones, such as 3 (Scheme 2.1).2 In this case, oxyallyl 
cation 2 is generated via a Ag-mediated ionization of a halo-substituted enol ether 1 
accompanied by a concomitant precipitation of a Ag-based salt. Despite this important 
example, it took much effort and many years before oxyallyl cations gained traction as 
viable and reliable gateways to molecular complexity. Most of this time and effort was 
dedicated to designing conditions that prohibited their polymerizations and side reactions 
as well as identifying appropriate and effective synthetic precursors. Indeed, early 
investigations revealed oxyallyl cations to be elusive intermediates with high degrees of 
sensitivity towards order of addition of reagents, time-span for their additions, pH, and 
rate of stirring among other subtleties (Scheme 2.1).2-3 It would take decades until the 
                                                
 
 
† Work on allylsilane interrupted homo-Nazarov cyclization with Corey W. Williams and Katherine M. 
Francois. Published in Org. Lett. 2014, 16, 6468.		
‡ Work on arylative interrupted homo-Nazarov reactions done in collaboration with Corey W. Williams. 
Manuscript submitted for publication.  
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field of oxyallyl cation reactivity evolved enough to render them versatile, “go-to” 
intermediates for chemical synthesis. 
 
Scheme 2.1. Early Oxyallyl Cation Synthesis. 
 
Several generalized methods for synthesizing oxyallyl cation have become 
available.4 As has been discussed, one method is through heterolysis of ally halides such 
as 1 (Scheme 2.2, route (a)). This method, perhaps the most concise of way for oxyallyl 
cation synthesis, typically utilizes Ag salts as the ionizing agent. A second method 
involves the activation of allyl alcohols of the type 2 under Brønsted acid conditions 
(Scheme 2.2, route (b)). Here, an acid-mediated E1 elimination affords the desired 
oxyallyl cations 5. On the other hand, kinetic enolization of ketone 6 followed by 
heterolysis ensures cyclic oxyallyl cation 7 (Scheme 2.2, route (c)). Finally, reduction of 
α, α’-dihaloketones 8 using a Zn/Cu mixture affords enolates that can undergo ionization 
to form oxyallyl cations 9 (Scheme 2.2, route (d)). The development of these methods, 
among others, enabled efficient and reliable synthesis of oxyallyl cations.2, 4-5 
Consequently, their adoption into mainstream synthetic chemistry followed. 
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Scheme 2.2. Methods of Sythesizing Oxyallyl Cations. 
 
Oxyallyl cations are electrophilic in nature and participate in an immensely 
diverse set of reactions with nucleophiles. Additionally, strategic substituents about 
oxyallyl cations can induce polarization of the positive charge distribution enabling 
regioselectivity and regiospecificity.  Some highlight reactions involving oxyallyl cations 
are: [3+2]-cycloadditions, [4+3]-cycloadditions, Favorskii transformations.5 
In the presence of electron-rich aromatics, oxyallyl cations derived from ketones 
10 and 11 can undergo efficient [3+2]-cycloadditions (Scheme 2.3).6 This reaction is a 
dearomative transformation and furnishes fused indolines, which are common structural 
motifs in indole alkaloid natural products. Interestingly, both 1- and 3-chlorosubstituted 












































14, albeit with different diastereoselectivities. A variety of fused indolines 15-19 are 
accessible using this transformation since this [3+2]-cycloaddition tolerates diverse cyclic 
and acyclic ketones. 
 
Scheme 2.3. Dearomative [3+2]-Cycloadditions of Oxyallyl Cations. 
 
When subjected to electron-rich dienes such as 21, oxyallyl cations 9 undergo 
[4+3]-cycloadditions to yield substituted cycloheptenones 22 (Scheme 2.4, A).6a, 7 Other 
interesting [4+3]-cycloadditions involve nitrogen-stabilized oxyallyl cations derived from 
oxidopyridinium ions 23, allenamides 24, or aminohaloketones 25 (Scheme 2.4, B). 
Reactions of such oxyallyl cations with heteroaromatics provide entry into nitrogen-based 
bicyclic ketones via inter- and intramolecular transformations and in a diastereoselective, 
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Scheme 2.4. [4+3]-Cycloadditions of Oxyallyl Cations. 
 
The existence of transient oxyallyl cations 32 has been invoked in the traditional 
Favorskii reaction en route to cyclopropanones 33 (Scheme 2.5, A).8 Subsequent ring-
opening and rearrangement of cyclopropanones 33 in the presence of nucleophiles then 
affords functionalized carbonyls 34. On the other hand, recently, it has been shown that 
interception of oxyallyl cations 32 with nucleophiles, such as indoles, leads to the 




















































































is a Friedel-Crafts-type transformation in nature. Heteroatoms can also serve as effective 
cation-trapping agents to afford ethers and amines 39. 
 
Scheme 2.5. The Interrupted Favorskii Reaction. 
 
2.2 Oxyallyl Cations in Nazarov and Homo-Nazarov Cyclizations 
Oxyallyl cations have been extensively studied in the Nazarov9 and homo-
Nazarov10 cyclizations. In the Nazarov reaction, divinyl ketones 40 undergo activation 
followed by conrotatory 4π electrocyclizations to form cyclic oxyallyl cations 42 
(Scheme 2.6). Both Lewis and Brønsted acids are viable activators for this 
transformation. Oxyallyl cations 42 then undergo subsequent E1 elimination then 
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Scheme 2.6. The Nazarov Cyclization. 
 
Several variations of the Nazarov cyclization exist (Scheme 2.7). In “polarized” 
Nazarov reactions, the presence of heteroatoms, as in the enol ether moiety of 44, 
improves the overall selectivity in the reaction.11 This selectivity is a consequence of 
biasing of the positive charge in the subsequent oxyallyl cations resulting in the exclusive 
formation of tetrasubstituted alkenes 46 in high yields (Scheme 2.7, A). Upon subjection 
to the chiral Sc-based ligand 47, highly asymmetric proton transfer affords resulting 
cyclopentenones 46 in exceptional enantioselectivity. Another variant, the “imino-
Nazarov” cyclization utilizes allenamide precursors 48 that, in the presence of 
appropriate Lewis acid activation, such Au salt 51, undergo electrocyclization to afford a 
variety of fused cyclopentenamides 50 (Scheme 2.7, B).12 Imino-Nazarov reactions are 
synthetically useful transformations and allow access into alkaloid-type molecular 
scaffolds. Additionally, formation of oxyallyl cations is possible with conjugated trienes 
52 through activation by Lewis acids such as TiCl4 or Sc(OTf)3 (Scheme 2.7, C).13 
Cyclization of the resulting oxyallyl cations can then furnish dienones 54. This variant is 
known as the “vinylogous” Nazarov cyclization. Much effort has been dedicated to 
investigating the Nazarov reaction, and as a result, this transformation is well studied. As 
a result, the synthetic utility of the Nazarov cyclization has been showcased by its use in 
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Scheme 2.7. Variations of the Nazarov Cyclization. 
 
Replacing one the vinyl groups in the divinyl ketones in Nazarov reactions affords 
cyclopropyl vinyl ketones 55, substrates that can undergo polar, stepwise intramolecular 
ring-opening cyclizations upon acid activation (Scheme 2.8).15 The products of these 
ring-opening cyclizations are 6-membered oxyallyl cations 57 that can then eliminate and 
tautomerize to furnish cyclohexenones 58. This transformation from cyclopropyl vinyl 
ketones 55 to cyclohexanones 58 is known as the homo-Nazarov cyclization, and is 
homologous to the traditional Nazarov reaction. Unlike its parent Nazarov reaction, the 
homo-Nazarov cyclization has only recently been realized and is relatively much less 
studied. It is important to note another significant difference between the formation 
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formation via a pericyclic electrocyclization pathway whereas stepwise, ring-
opening/cyclizations afford oxyallyl cations in the homo-Nazarov variant. 
 
Scheme 2.8. The Homo-Nazarov Cyclization. 
 
Traditional examples of the homo-Nazarov cyclization involved the use 
stoichiometric amounts of Lewis/Brønsted acids and/or elevated reaction temperatures. 
Typical metal salts such as SnCl4 effect the transformation and afford variously fused 
cyclohexenone molecular scaffolds 60 and 62 (Scheme 2.9, A and B).16 Aryl- and 
heteroaryl-fused cyclohexanones 60 and 62 are thus obtained in good yields. These early 
examples of homo-Nazarov cyclizations demonstrated the potential of this transformation 
for the synthesis of interesting scaffolds. Natural products bearing fused cyclohexenone 
and cyclohexenol moieties are prevalent. Representative examples of such natural 
products, which have also received much attention from synthetic chemists, include 
viridin (64),17 progesterone (64),18 (+)-actinobolin (65),19 and (-)-percosin E (66)20 among 
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Scheme 2.9. Examples and Utility of Homo-Nazarov Cyclizations. 
 
Use of stoichiometric amounts of the toxic SnCl4 was an obvious synthetically 
unappealing feature of early homo-Nazarov cyclizations. Through judicious scouting of 
the reaction conditions and viable substrates, synthetic chemists later devised several 
strategies for achieving catalysis within this transformation.15a, 21 The first strategy 
involves utilization of α-heteroatoms on the enone moiety, an alteration that renders the 
π-system more nucleophilic, thus facilitating ring opening (Scheme 2.10). Due to the 
enhanced reactivity of the enone 68, a decreased amount of the acid promoter is typically 
needed to effect the ring-opening cyclization thus enabling catalysis. A further 
consequence of this strategy is regioselective elimination leading to the exclusive 
formation of cyclohexenone 70. The oxyallyl cation intermediate formed upon ring-
opening cyclization, 69, is stabilized and polarized by the α-heteroatom and as a result, 
exclusive elimination of leads to cyclohexenone 70. On the other hand, the second 
strategy involves the use of secondary electron withdrawing groups (EWGs) of the 
cyclopropane (Scheme 2.10). The resulting cyclopropanes 71, bearing one donor and two 













   SnCl4
(4 equiv.) X
O



































63 64 65 66
 74 
Having a secondary EWG leads to further weakening of the C(1)-C(2) bond, allowing 
ring-opening to occur under milder catalytic conditions. In cases where the EWG has 
lone pairs, bidentate binding of the acid promoter onto the cyclopropane is possible via a 
putative 6-membered chelate 71’. This doubly-bound complex can potentially allow for 
more effective C(1)-C(2) bond weakening hence catalysis. Additionally, once oxyallyl 
cation 72 is formed, a majority of charge is polarized onto the carbon distal to the EWG 
thus allowing for regioselective elimination. This elimination then leads to exclusive 
formation of cyclohexenones 73. Overall, these two strategies for attaining catalysis in 
the homo-Nazarov cylization are complementary and allow entry into regioselective 
synthesis of potential natural product-like cores. 
 
Scheme 2.10. Strategies for Catalysis in the Homo-Nazarov Cyclization. 
 
As a demonstration of strategy 1 (Scheme 10), Bronsted acids (examples: TsOH 
and TFA, 20 mol% loading) were shown to be effective promoters for catalytic homo-
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These examples are some of the earliest demonstrations of effective catalysis in the 
homo-Nazarov reaction. Follow-up work using strategy 2, the D-A-A approach, also 
eventually led to successful catalysis (Scheme 2.11, C).22 In this case, 30 mol% of 
In(OTf)3 was sufficient to promote the synthesis of cyclohexenones 79 from D-A-A 
cyclopropanes 78. Ultimately, combining these two strategies (α-heteroatom and 
secondary EWG) into one system afforded substrates such as cyclopropane 80, which 
smoothly underwent homo-Nazarov cyclizations with catalyst loading as low as 5 mol% 
In(OTf)3 (Scheme 2.11, D).23  This establishment of such effective catalytic reaction 
conditions enabled the homo-Nazarov cyclization (and derivatives thereof) to gain 
traction as a viable and synthetically useful transformation for generating functionalized 
polycycles24 and in the synthesis of natural products.15a, 24d 
 
Scheme 2.11. Variations of Homo-Nazarov Cyclizations. 
 
2.3 The Interrupted Homo-Nazarov Cyclization 
As was highlighted earlier in this chapter, oxyallyl cations are impressively useful 
intermediates whose electrophilic nature allows them to react with a plethora of 
nucleophilic agents. The homo-Nazarov cyclization, being a transformation that goes 
through an intermediate oxyallyl cation, is a viable candidate for reactivity with 
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nucleophiles (Scheme 2.12). The nature of such reactivity is an interception of the 
oxyallyl cation intermediate with nucleophilic trapping agents and leads to preclusion of 
the elimination/tautomerization pathway.  Such a transformation, known as the 
“interrupted homo-Nazarov” reaction leads to the formation of functionalized 
cyclohexanones (Scheme 2.12). It is noteworthy that similar interception of oxyallyl 
cations has been extensively demonstrated for interrupted Nazarov cyclizations using 
alkenes, arenes, heteroatoms and many other nucleophiles.10, 14b, 25 
 
Scheme 2.12. Homo-Nazarov and Interrupted Homo-Nazarov Cyclizations. 
 
Compared to the its interrupted Nazarov counterpart, the interrupted homo-
Nazarov cyclization is much less studied. In 2014, a seminal report of the interrupted 
homo-Nazarov reaction was reported by Yadav and co-workers (Scheme 2.13).26 Using 
stoichiometric amounts of SnCl4 promoter, oxyallyl cations 89 are formed and undergo 
allylsilane-capture in a [3+2]-cycloaddition fashion. Bicyclic ketones of the type 91 and 
92 were thus formed, as regioisomeric mixtures. It should be noted that as of 2014, to the 
best of our knowledge, this study was the only report of an attempt towards an interrupted 
homo-Nazarov cyclization. While pioneering, Yadav’s study still suffered from 
significant limitations: (1) lack of regioselectivity; (2) narrow substrate scope; and (3) the 
requirement for stoichiometric amounts of toxic SnCl4. As a result, a need existed for the 
O
R1




































development of novel methodologies that would address these limitations as well as 
demonstrate the synthetic utility of the interrupted homo-Nazarov cyclization for broader 
synthetic applications. 
 
Scheme 2.13. Yadav's Interrupted Homo-Nazarov Cyclization. 
 
2.4 Development of Catalytic, Chemodivergent, and Modular Interrupted Homo-
Nazarov Cyclizations 
As described in the previous sections, oxyallyl cations are important intermediates 
in Nazarov and homo-Nazarov reactions. The chemical landscape for these reactive 
intermediates reveals an imbalance in the amount of attention dedicated to variants of the 
Nazarov and homo-Nazarov cyclizations (Scheme 2.14). On one hand, uses of oxyallyl 
cations for synthesis of cyclopentenones (elimination/tautomerization pathway) and 
cyclopentanones (interrupted pathway) have been extensively studied and well 
documented (Scheme 2.14). On the other hand, the homo-Nazarov cyclization, being in 
its infancy, has received much less attention. A handful of literature reports of 
elimination/tautomerization pathways in the homo-Nazarov reactions exist. Notably, the 
interrupted variant to the homo-Nazarov cyclization has been severely understudied. In 
fact, only one example of this transformation was published as of 2014. This pioneering 




































for stoichiometric amount of a toxic Lewis acid promoter.  Therefore, the development of 
generalizable, selective and catalytic interrupted homo-Nazarov cyclizations would be of 
immense benefit to the synthetic community. 
 
Scheme 2.14. Chemical Landscape for Nazarov and Homo-Nazarov Cyclizations. 
 
2.5 An Allylative Interrupted Homo-Nazarov Cyclization 
2.5.1 Reaction Design 
In designing a model system for an effective interrupted homo-Nazarov process, 
various considerations had to be taken into account. As has been mentioned in previous 
sections, D-A-A cyclopropanes of the type 93 have been demonstrated to effective in 
ring-opening transformations (Scheme 2.15, A). As a result the choice of secondary 
electron withdrawing group (EWG) on the cyclopropane was key. The most effective 
EWG would have characteristics that would enable: (1) a site for binding with oxophilic 
Lewis acids enabling catalysis; (2) strong polarization of the oxyallyl cation intermediate 
to allow for regiospecific reactivity with nucleophiles (Scheme 2.15, B). Additionally, 
bonus features for a desirable EWG would include: (1) ease of installation on the 
cyclopropane starting material; (2) ease of removal in the cyclohexanone product; or (3) 
Oxyallyl Cations



















• rich, untapped chemical space
• opportunity for exploration
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provision of a synthetic handle for further functionalization in the product. Given these 
guidelines, many potential EWGs were considered including esters, ketones, sulfones, 
sulfoxide, nitriles, and nitro groups, among others. In the end, simple esters seemed a 
good choice of an EWG as they fit virtually all of the guidelines proposed. It should be 
noted that esters have be shown to be beneficial EWGs for several Nazarov14b and homo-
Nazarov15a, 21 transformations as well. 
 
Scheme 2.15. Strategy Towards a Catalytic Interrupted Homo-Nazarov Cyclization. 
 
2.5.2 Synthesis of the Model Substrate 
The model cyclopropane, 102, for our efforts towards an interrupted homo-
Nazarov cyclization was synthesized according to Scheme 2.16 in accordance with our 
lab’s previously reported protocol.22 This procedure involves an initial diazo transfer 
reaction on Weinreb amide ester 100, followed by a Rh-catalyzed cyclopropanation to 
afford cyclopropane 101. Subjecting cyclopropane 101 to isopropenylmagnesium 









































     • very polarized oxyallyl cation
     •  regiospecific nucleophilic trapping
Connotations:
     • enhanced catalyst binding










93 94 95 96
97 98 99
Connotations:
     • removable via Krapcho reaction
     •  provides handle for functionalization
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Scheme 2.16. Synthesis of Model D-A-A Cyclopropane. 
 
2.5.3 Proof of Principle 
Confident of our chances towards effective interrupted homo-Nazarov 
cyclizations, cyclopropane 102 was subjected to  30 mol% SnCl4 in the presence of 5 
equiv of allyl-TMS (Scheme 2.17). The choice of utilizing SnCl4 as starting point for this 
transformation was based on specific reasoning: (1) SnCl4 is both strongly Lewis acidic 
and highly oxophilic thus presumably suited our dicarbonyl cyclopropane substrate; (2) 
SnCl4 tolerates simple allylsilanes which minimizes degradation pathways. Gratifyingly, 
the interrupted homo-Nazarov product 103 was observed under the stated catalytic 
conditions in 65% yield. This reaction, importantly, represents one of the first examples 
of an interrupted homo-Nazarov cyclization under catalytic conditions. Undesired 
exocyclic alkene 104, the homo-Nazarov product, results from untrapped oxyallyl cation 
undergoing E1-elimination. While satisfactory, this reaction example still had several 
points of potential improvements: (1) lowering the SnCl4 loading further than 30 mol% or 
identification of a suitable back-up catalyst; (2) increasing selectivity towards the desired 



























Scheme 2.17. A Catalytic, Interrupted Homo-Nazarov Cyclization. 
 
2.5.4 Reaction Optimization 
Having established the possibility of effective catalytic interrupted formal homo-
Nazarov cyclization, an optimization process for this transformation was in order. A 30 
mol% loading of SnCl4 was an immediate concern, and so efforts to lower this catalyst 
loading were carried out (Table 2.1). Unfortunately, all attempts to lower the catalyst 
loading resulting in lowered yields. Interestingly, the selectivities towards the desired 
product appeared independent of amount of Lewis acid. Given this fact, a loading of 20 
mol% was chosen to be a good compromise between chemical yield and acceptable 
loading of SnCl4 (Table 2.1, entry 2). 


































































a Reaction run with 1 equiv of 102 and 5 equiv of allyl-TMS at room temp in 
DCM (0.1 M). b Isolated yield after column chromatography. c Ratio determined 
by 1H-NMR.
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An investigation of alternate Lewis acids to SnCl4 was carried out (Table 2.2). 
The choice of Lewis acid screened was based on the degree of oxophilicity as well as 
extent of Lewis acidity. Most of the catalysts screened were readily available triflate salts 
whose ligands readily dissociate from the metal center facilitating binding onto the 
cyclopropane substrates. Successful Lewis acids were chosen on the basis of chemical 
yield as well as selectivity towards the interrupted homo-Nazarov products. Interestingly, 
+3 Lewis acid salts tended to give interrupted homo-Nazarov product 103 in good to high 
selectivity (Table 2.2, entries 3, 4, 5). On the other hand, +2 salts afforded mostly homo-
Nazarov product 104, albeit in lowered yields (Table 2.2, entries 10, 11, 12, 13). SnCl4 
proved to be the most competent Lewis acid, both in terms of selectivity (17:1) and yield 
(75%) towards oxyallyl cation trapping (Table 2.2, entry 1). 




























a Reaction run with 1 equiv of 102, 10 equiv of allyl-TMS, and 20 mol% Lewis acid at
 room temp in DCM (0.1 M). b Isolated yield after column chromatography. c Ratio       















































In an effort to circumvent the need to utilize SnCl4 as a catalyst for this 
transformation, In(OTf)3  was chosen as a candidate for further optimization (Table 2.3). 
We hoped these efforts would achieve a backup catalyst. An initial result had revealed 20 
mol% In(OTf)3 to afford 41% of product 103 (Table 2.3, entry 1). Lowering the loading 
of In(OTf)3 to 5 mol% afforded interrupted product 103 in 63% and a 5.6:1 selectivity 
(Table 2.3, entry 4). This result demonstrates that catalysts other than SnCl4 can 
potentially serve as backup catalysts for effecting the interrupted homo-Nazarov 
cyclization. 
Table 2.3. Optimization of a Back-up Catalysta 
 
The effect of solvent on this transformation was then investigated. For this study, 
classes of solvents were systematically chosen based on polarity, coordinating ability, or 
hydrogen bonding capability (Table 2.4). Polar protic and aprotic solvents (MeOH, DMF, 
MeCN) caused the reaction to stall, and either starting material or intractable degradation 
products were recovered (Table 2.4, entries 1-3). THF and EtOAc also did not support 
the desired transformation (Table 2.4, entries 4-5). Presumably, these five solvents, being 
coordinating, sequestered the Lewis acid catalyst or altered its binding ability, thus 
preventing desired product formation. In contrast, non-polar and weakly coordinating 





























a Reaction run with 1 equiv of 102 and 10 equiv of allyl-TMS at room temp in 
DCM (0.1 M). b Isolated yield after column chromatography. c Ratio determined 
by 1H-NMR.
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superior solvent, providing the highest chemical yield as well as selectivity towards the 
desired cyclohexenol 103 (Table 2.4, entry 9). 
Table 2.4. Solvent Screena 
 
2.5.5 Reaction Scope and Limitations 
Armed with a set of optimized conditions (20 mol% SnCl4, 10 equiv ally-TMS), 
DCM (0.1 M), exploration of the substrate scope in the interrupted homo-Nazarov 
cyclization was initiated (Scheme 2.18).  Firstly, different functionalized cyclopropanes 
were studied using allyltrimethylsilane 106 as the nucleophilic trapping agent. 
Cyclopropanes bearing efficient, carbocation-stabilizing donor groups generally led to 
increased yields (107a, 75% yield; 107b, 92% yield). This trend was also confirmed upon 
studying different para substituents on a phenyl donor group. A para-methoxy substituent 
afforded 92% yield whereas a para-fluoro group gave a 54% yield (107c). Unsubstituted 
phenyl donor afforded only a 38% yield (107d) while substitution with a strong electron-























a Reaction run with 1 equiv of 102 and 10 equiv of allyl-TMS at room temp in 
DCM (0.1 M) using 20 mol% SnCl4. b Isolated yield after column chromatography. 
































product at all. These trends can be explained based on the proposed mechanism discussed 
previously. Good donor groups on the cyclopropane allow for efficient and rapid ring-
opening due to carbocation stabilization on the benzylic position. This, in turn, affords 
the oxyallyl cation intermediates for subsequent trapping with the allylsilane nucleophile. 
Other good donor groups such as the 2-OMe-Ph-, 2Napthyl-, and 2-furyl groups are also 
effective and provided interrupted products 107f, 107g, and 107h in 71%, 78%, and 65% 
yields respectively. Extending this study to enol-ether π-systems or alternate allylsilanes 
affords interrupted products 107j-107k in modest to good yields. However, putting gem-
dimethyl substituents on allyl-TMS did not afford desired cyclohexenol 107m 
presumably due to steric clash upon nucleophile approach. 
 



















X = OMe (92%; 4.2:1 dr)
X = F (54%; 6.8:1 dr)
X = H (38%; 2.4:1 dr)





























































Interesting stereochemical outcomes were observed during this study. Since 
products were formed as diastereomeric as well as keto-enol mixtures, NMR 
interpretation was difficult. As a result, products formed were capped using TMSCl thus 
significantly simplifying the NMR spectra and allowing interpretation. All interrupted 
homo-Nazarov products were formed in a regiospecific fashion at the α’-carbon as 
planned (strong polarization of the intermediate oxyallyl cation due to the ester group). 
Also, products were formed with a trans configuration in the major diastereomers as a 
result of nucleophilic attack from a trajectory opposite that of the donor group. 
Perplexingly, while most of the substrates studied allowed modest to good 
diastereoselectivities, alkoxy-substituted cyclohexenols 107j and 107k were formed with 
complete distereoselection. The effect of the alkoxy group on the intermediate oxyallyl 
cation and its connotations in the transition state towards nucleophilic trapping remain a 
mystery and is yet to be fully determined. 
2.6 A Chemodivergent, Interrupted Homo-Nazarov Cyclization 
During the course of the study, it was observed that in the presence of bulky 
allylsilanes and at lowered temperatures, such as allyl-TBDPS, the previously obtained 
allylated cyclohexenols 107b were not observed (Scheme 2.19, A). Instead, 
hexahydrobenzofurans 109a were obtained. This interesting chemodivergence is a result 
of an unexpected and highly unusual formal [3+2]-cycloaddition that had not been 
reported before in the homo-Nazarov cyclization. This, in turn, prompted a further 
investigation (Scheme 2.19, B). Unfortunately, this study revealed the necessity for 
stoichiometric amounts of SnCl4 for the synthesis of hexahydrobenzofuran 109a (Scheme 
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2.19, B). All attempts to lower the loading of SnCl4 as well as use of other Lewis acids 
led either to significantly reduced yields or degradation products. 
 
Scheme 2.19. An Alkyative Interrupted Homo-Nazarov Cycization. 
 
2.6.1 Chemodivergence: Reaction Scope and Limitations 
The unusual formal [3+2]-cycloaddition pathway for interrupting the homo-
Nazarov reaction proved moderately robust and was extended to a variety of 
cyclopropanes and allylsilanes (Scheme 2.20). Correlations between cyclopropane donor 
groups and eventual yields of the trapped products follow trends similar to those 
observed in the allylative variant of the interrupted homo-Nazarov cyclization. In 
addition, sterically encumbered allylsilanes such allyl-TBDPS, allyl-TBS and allyl-TIPS 























a Reaction run with 1 equiv of 108, 10 equiv of allyl-TMS, and x mol% Lewis acid at
 room temp in DCM (y M). b Isolated yield after column chromatography. Attempts
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Less bulky silanes, such as allyl-TMS, were not well-tolerated and led to low yield of 
109e (38%). 
 
Scheme 2.20. Scope of the Alkyative Interrupted Homo-Nazarov Cyclization. 
 
2.6.2 Mechanistic Rationalization of Chemodivergent Reaction Outcomes 
Our study utilized D-A-A cyclopropanes of the type 102 as substrates. Catalytic 
SnCl4 in presence of allyl-TMS at room temperature led to allylated cyclohexenols 103 in 
good to high yields and complete regioselectivity (Scheme 2.21). On the other hand, 
stoichiometric SnCl4 at lowered temperatures using bulkier allyl-TBDPS afforded 
hexahydrobenzofurans 109. This chemodivergent trend can be fully rationalized by 
mechanistic considerations. β-silyl carbocations III, formed through nucleophilic 
trapping of oxyallyl cation II, are easily desilylated in the case of the labile TMS group 
leading to allylated products 103 (Hosomi-Sakurai reaction – pathway (c)). Conversely, 
the sterically encumbered groups, such as TBDPS, hinder desilylation and subsequent 












































































enolate O-alkylation (formal [3+2]-cycloaddition – pathway (b)) leading to 
hexahydrobenzofuran formation. It should be noted that a third possibility, enolate C-
alkylation, would have produced bicyclic ketones 109’ (pathway (c)). However, this 
product was not observed during this study presumably due to the reduced nucleophilicity 
at the α-carbon due to the electron-withdrawing ester group. The chemodivergent 
pathways for homo-Nazarov interruption provided entry into functionalized 
cyclohexenols 103 and hexahydrobenzofurans 104. Moreover, the modularity and broad 
scope of this developed method proved particularly exciting. 
 
Scheme 2.21. Mechanism of Interrupted Homo-Nazarov Cyclizations. 
 
2.7 Interrupted homo-Nazarov Products: Reaction Utility 
The synthetic utility of our interrupted homo-Nazarov cyclization was 
demonstrated via chemical derivatizations of the obtained allyl-cyclohexenol compounds 
(Scheme 2.22). TMS-protection was carried out on cyclohexenol 107b to provide enol-
ether 109, a candidate for further derivations. Krapcho decarbalkoxylation of 107b led to 



























































yielded bicyclo[4.3.1.]dec-3-ene 112, an important caryolane-type natural products 
framework (113).27 This synthetic utility justifies interruption of the homo-Nazarov 
reaction as a useful tool for broader chemical applications. 
 
 
Scheme 2.22. Chemical Derivatizations of Interruption Products. 
 
2.8 A (Hetero)arylative Interrupted Homo-Nazarov Cyclization 
2.8.1 Reaction Design 
Having established effective allylative and alkylative strategies (using allylsilane 
nucleophiles) for an interrupted homo-Nazarov reaction, we turned our attention to the 
previously unexplored (hetero)arylative variants (Scheme 2.23). We envisioned capturing 
the previously described oxyallyl cation intermediates with arenes and heteroarenes to 
afford interesting α-(hetero)aryl cyclohexanones. The nature of this cation capture by the 
(hetero)arene nucleophile would be an intermolecular Friedel-Crafts-type arylation of the 
intermediate oxyallyl cation 98. Just as with our previously described allylsilane-
interrupted homo-Nazarov chemistry, D-A-A cyclopropanes would be used as precursors 





































cyclizations, (hetero)arylative interrupted Nazarov reactions10, 14b, 14g have previously 
been explored and reported. 
 
Scheme 2.23. Divergent Interrupted Homo-Nazarov Cyclizations. 
 
2.8.2 Project Rationale and Justification 
Successful implementation of aryl and heteroaryl nucleophiles for an interrupted 
homo-Nazarov cylization would allow entry into a variety of α-(hetero)aryl 
cyclohexanones, key structural motifs in numerous interesting and bioactive natural 
products (Figure 2.1). Examples of natural products bearing a α-(hetero)aryl 
cyclohexanone core include walsucochinoid D (115),28 an effective human 11β-HSD1 
inhibitor and the antibacterial agent diterpenoid 1-oxofurruginol (116).29 Other 
structurally interesting α-(hetero)aryl cyclohexanone-type natural products have been 












































Figure 2.1. α-Arylated Cyclohexenone Natural Products. 
 
 As a result of the structural diversity as well as the biological activity of α-
(hetero)aryl cyclohexanone-type natural products, synthetic chemists have sought to 
establish versatile methods for synthesis of this core. Some of the most commonly used 
methods include transition metal-catalyzed direct α-arylation of ketones 120 using 
bromoarenes 119 as the aryl precursors (Scheme 2.24, A).32 In addition, diarylidonium 
salts 124 have useful and environmentally-friendly synthetic precursors to α-(hetero)aryl  
ketones and aldehydes (Scheme 2.24, B).33 Both these methods can often be performed in 
an asymmetric fashion and feature a normal polarity approach in which the aryl 
precursors act as the electrophilic coupling partners. In contrast, (hetero)aryl precursors 
can react as nucleophilic coupling partners (umpolung approach) as demonstrated by 
MacMillan’s indole-capture of cyclic and acyclic oxyallyl intermediates (Scheme 2.24, 
C).8 These oxyallyl cations were, in turn, generated from α-tosylketones 125 in a 
transformation reminiscent of the Favorskii reaction. As an extension of this umpolung 
chemistry, our planned arylative interrupted homo-Nazarov methodology would provide 
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Scheme 2.24. α-Arylation Strategies in Literature. 
 
2.8.3 Proof of Principle 
To determine the potential for arenes as suitable nucleophiles for an interrupted 
homo-Nazarov cyclization, D-A-A cyclopropane 108 and anisole 127 were chosen as the 
model system (Scheme 2.25). Satisfactorily, oxyallyl cation-capture by anisole occurred 
smoothly, in a 22.3:1 selectivity, to afford α-arylated cyclohexanone 128 in 67% yield. 
Importantly, this example highlights the first instance of an arylative, interrupted homo-
Nazarov reaction in literature. 
 




















































































2.8.4 Reaction Optimization 
Efforts were made to optimize the developed arylative transformation with several 
points of emphasis: (1) lowering the SnCl4 loading or identifying a less toxic back-up 
catalyst; (2) increasing selectivity towards the desired, arylated product 128; and (3) 
increasing chemical yield. An extensive Lewis acid screen using +4, +3, and +2 oxophilic 
Lewis acids revealed SnCl4 to be the optimal Lewis acid at a 20 mol% loading (67% 
yield, 22:1 selectivity) (Table 2.5, entry 1). InCl3, albeit slow, was a competent catalyst 
affording the desired aryl ketone 128 in 69% yield and 12:1 selectivity (Table 2.5, entry 
8). All other Lewis acids screened, expect for Mg(OTf)2, were disappointing, favoring 
either degradation pathways or exclusive formation of the undesired homo-Nazarov 
product 104 (Table 2.5). 
 




























a Reaction run with 1 equiv of 108, 10 equiv of anisole 127, and 20 mol% Lewis acid at
 room temp in DCM (0.1 M). b Isolated yield after column chromatography. c Ratio         





















































The two best catalysts, SnCl4 and In(OTf)3, were subjected to further optimization 
(Table 2.6). Lowering the loading of SnCl4 did not lead to any improvement in yield. On 
the other hand attempts to lower the catalyst loading of In(OTf)3 were more fruitful – a 
loading of 10 mol% produced the desired product in 62% (Table 2.6, entry 6) virtually 
similar to the results at a loading of 20 mol% (Table 2.6, entry 4). Attempts to change 
other variables such as concentration, temperature, solvent and loading of anisole did not 
lead to any significant reaction enhancement. Therefore 20 mol% SnCl4 (Table 2.6, entry 
1) was moved forward as the optimal Lewis acid, with In(OTf)3 (10 mol%) (Table 2.6, 
entry 6) serving as a suitable, non-toxic backup catalyst. 
 
Table 2.6. Lewis Acid Optimizationa. 
 
2.8.5 Reaction Scope and Limitations 
Upon optimization of reaction conditions, a systematic investigation of the scope 
and limitations of the arylative variant to the interrupted homo-Nazarov cyclization was 
commenced. First, the tolerance of this transformation for differently substituted 
cyclopropanes was probed using anisole as the nucleophilic trapping agent (Scheme 





















a Reaction run with 1 equiv of 108, 10 equiv of anisole, and x mol% Lewis acid 
























product 130a in 67% yield while methylenesilyl and ethoxy substituents did not afford 
any desired products (130a and 130c) presumably due to the reduced electrophilicity of 
the oxyallyl cation intermediate. On the other hand, the use of different donor groups on 
the cyclopropane did not have a significant impact on reaction yield; arylated products 
130d-130i were obtained in modest 44-57% yields. 
 
Scheme 2.26. Scope of Arylative Interruption Using Different D-A-A Cyclopropanes. 
 
Next, benzene derivatives other than anisole were investigated as trapping agent 
using D-A-A cyclopropane 108 (Scheme 2.27). As expected for Friedel-Crafts-type 
processes, more electron-rich derivatives performed better relative to anisole as trapping 
agents. 1,2- and 1,3-dimethoxybenze smoothly afforded products 132a and 132b in 72% 
and 88% yields respectively. Triphenylamine and 1-methoxynaphthalene were also well-
tolerated and furnished their respective products 132c and 132d in 71% and 70% yields. 




































130g R = 2-Np; 54%, 8.3:1 dr




















130a R = Me; 67%, 7.7:1 dr
130b R = OEt; No desired product






ortho-substitution (132e), albeit in a lowered yield. This pointed towards a steric 
sensitivity of these arylative interrupted homo-Nazarov cyclizations. In addition, less 
activated benzenes such as toluene, halobenzenes, and TMS-benzene proved to be weak 
nucleophiles and did not afford any desired products at all. 
 
Scheme 2.27. Scope of Arylative Interruption with Benzene Derivatives. 
 
Finally, our focus shifted to heteroaromatics as nucleophiles for capturing the 
intermediate oxyallyl cation (Scheme 2.28). These heteroaromatics proved to be 
competent nucleophiles indeed. Thiophene, furan, and derivatives thereof afforded α-
(hetero)arylated cyclohexenols 134a-134e in good to high yields (48%-87%). Benzo-
fused heteroaromatics, such as benzofuran and N-tosylindole, readily underwent 3-
alkylations to affords products 134f and 134g in 73% and 69% yields respectively. 
Interestingly, N-tosyl-3-methylindole failed to afford significant amounts of desired 
product (134h), presumably due to steric hindrance of the methyl group as well as the 






























































Scheme 2.28. Scope of Arylative Interruption with Heteroarenes. 
 
Although all products were obtained as intractable diastereomeric keto-enol 
mixtures, subsequent Krapcho decarbalkoxylations enabled definitive NMR analysis that 
revealed a trans relationship between the aryl substituents. On approaching the oxyallyl 
cation intermediate, an incoming arene nucleophile presumably attacks from the side 
opposite the donor group so as to minimize unfavorable 1,3-diaxial interactions leading 
to the observed stereochemistry. 
2.9 Summary: Allylative, Alkylative and Arylative Interrupted Homo-Nazarov 
Cyclizations 
While the homo-Nazarov cyclization has increasingly become a notable strategy 
for the assembly of medium-sized polycyclic scaffolds, its interrupted variant remains 
relatively underexplored. Presented in this chapter are the first literature reports of 
interrupted homo-Nazarov cyclizations in which nucleophilic trapping agents capture the 






























134d X = O; 48%,a 3.8:1 dr













134a X = O; 66%,1.8:1 dr
134b X = S; 74%, 4.3:1 dr
X
4-MeO-C6H4
134f X = S; 73%, 2.3:1 dr





a with 10 mol % InCl3
Me
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intramolecular ring-opening/cyclization of D-A-A cyclopropanes under mild Lewis acid 
conditions.  
Using catalytic amounts of SnCl4 and in the presence of allylsilane nucleophiles, 
tandem homo-Nazarov cyclization/Hosomi-Sakurai reactions afford allylated 
cyclohexenols good to high yields as well as reasonable diastereoselectivity (Scheme 
2.29). In contrast, a chemodivergent, alkylative variant is possible using stoichiometric 
SnCl4 at lowered temperatures in the presence of bulky allylsilanes. In this case a homo-
Nazarov cyclization/formal [3+2]-cycloaddition pathway leads to the formation of 
hexahydrobenzofurans. Additionally, a follow-up study revealed that allylsilanes are not 
the only nucleophiles tolerated in interrupted homo-Nazarov cyclizations. Use of 
activated arenes and heteroarenes in a tandem homo-Nazarov/Friedel-Craft alkylation 
fashion enable synthesis of α-(hetero)arylated cyclohexanones under catalytic SnCl4 
conditions. These generalized protocols serve as the benchmark transformations for 
allylative, alkylative and arylative interrupted homo-Nazarov cyclizations in literature. 
 100 
 




























(yield up to 92%)
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2.10 EXPERIMENTAL SECTION 
• For supporting information (including experimental section and characterization) 
for interrupted homo-Nazarov reactions using allylsilanes see: Shenje, R.; 
Williams, C. W.; Francois, K. M.; France, S., Catalysis and Chemodivergence in 
the Interrupted, Formal Homo-Nazarov Cyclization Using Allylsilanes. Org. Lett. 
2014, 16 (24), 6468-6471. 
• For supporting information (including experimental section and characterization) 
for interrupted homo-Nazarov reactions using (hetero)aromatics see: Shenje, R.; 
Williams, C. W.; France, S., Catalytic, Interrupted Formal Homo-Nazarov 
Cyclization with (Hetero)arenes: Access to α-(Hetero)aryl Cyclohexanones. 
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CHAPTER 3  FORMAL [5+2]-CYCLOADDITIONS VIA DONOR-
ACCEPTOR CYCLOBUTANES: SYNTHESIS      OF 
AZEPINO[1,2-A]INDOLES AND 
CYCLOHEPTA[B]INDOLES§,**,1 
3.1 Azepino[1,2-a]indoles and Cyclohepta[b]indoles In Natural Products 
Indole-based alkaloids are ubiquitous in nature; there are well over 12000 
identified natural products containing this moiety.2 While this family of compounds 
demonstrates an astonishing degree of structural diversity, it also possesses an equally 
impressive range of biological activities. Many indole alkaloids are known to have 
anticancer, antimalarial, and anti-arrhythmic activities among many other bioactivities.2b, 
3 Famous examples of well-studied indole alkaloids include lysergic acid,4 vinblastine,5 
tabersonine,6 and strychnine7 among others. Despite their chemical diversity, many 
indole alkaloids share the same biogenetic precursor – tryptophan, which undergoes 
divergent biosynthetic routes to afford the observed rich chemical diversity.8 This 
combination of intriguing structural complexity and biological activity has made indole 
alkaloids some of the most extensively studied natural products by chemists. As a 
                                                
 
 
§ Work on synthesis of azepino[1,2-a]indoles performed in collaboration with M. Cynthia Martin. 
Published in Angew. Chem. Int. Ed. 2014, 53, 13907. 
** Work on synthesis of cyclohepta[b]indoles performed in collaboration with M. Cynthia Martin. 
Manuscript in preparation.  
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consequence, numerous methodologies have been developed, and many total syntheses 
attempted, to allow entry into this family in a concise and stereoselective fashion.9  
 Among the indole alkaloid family of natural products are two interesting 
subclasses – the azepino[1,2-a]indoles and cyclohepta[b]indoles (Figure 3.1). 
Azepino[1,2-a]indole 1, correantine B,10 exemplifies a set of exciting compounds from 
Psychotria correae while the structurally similar akagerine (2)11 possesses antiprotozoal 
activity. Azepines 3 and 4 possess activity in the prostaglandin D2 receptor12 and cyclin-
dependent kinase13 realms, respectively, while 5 represents a vast library of small 
molecule compounds active against hepatitis C NS5B.14 Along the same lines, 
compounds 6-9 depict diverse sets of natural products with interesting structure profiles 
or bioactivity in the cyclohepta[b]indole subfamily.15 Many other azepino[1,2-a]indoles 




Figure 3.1. Azepino[1,2-a]indoles and Cyclohepta[b]indoles in Bioactive Natural Products. 
 
Given their structural diversity, molecular complexity and intriguing biological 
activity, azepino[1,2-a]indole and cyclohepta[b]indole natural products (and cores 
thereof) have been subject to many synthetic endeavors.1, 17 Both these two subclasses 
feature contiguous 6-5-7 ring fusions, scaffolds that have garnered considerable interest. 
Typical approaches to azepinoindoles have included: (1) hetero-[5+2] cycloadditions; (2) 
ring-closing olefin metatheses; (3) Lewis acid catalyzed intramolecular cyclizations; and 
(4) radical cyclizations (Scheme 3.1). As an example, a W-mediated cyclization of imino 
alkyne 10 was demonstrated, by Iwasawa and co-workers, to afford azomethine ylides 11 
(Scheme 3.1, A).17f Subsequent hetero-[5+2] cycloadditions of these ylides with ketene 
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Malacria et al. devised a simple ring-closing metathesis approach to azepinoindoles 14 
using indole-based dienes 13 (Scheme 3.1, B).17b More recently, Bandini and co-workers 
developed an effective synthesis to the azepinoindole core using a strategy that utilizes 
Au-catalyzed tandem hydroamination/dehydrative cyclizations to afford azepines 17 in 
good chemoselectivities and yields (up to 96%). (Scheme 3.1, C).17c While providing 
pioneering routes to the azepino[1,2-a]indole core, these strategies suffer from at least 
one of the following drawbacks: (1) high catalyst loadings; (2) low functional group 
tolerances; (3) limitations in substrate scope; and (4) utilization of cumbersome starting 
materials. With these limitations in mind, the France lab sought to develop a novel 
protocol for azepino[1,2-a]indole and cyclohepta[b]indole syntheses with particular 




Scheme 3.1. Prior Synthetic Approaches to Azepino[1,2-a]indoles. 
 
On the other hand, typical approaches to the cyclohepta[b]indole are shown in 
Scheme 3.2. Li et al. developed a powerful intramolecular [5+2]-cycloaddition of 
tethered indole 18 to form synthetically-challenging, densely-functionalized 
cyclohepta[b]indoles 20 (Scheme 3.2, A).17g This reaction proceeds via an intermediate 
oxidopyrylium ylide 19 that undergoes a dearomative cycloaddition en route to polycylic 
products 20. Another method for cyclohepta[b]indole formation is through divinyl 
cyclopropyl rearrangement of indoles 21 to afford products 22 and 23 in good yields 
(Scheme 3.2, B).17d Mechanistically, this reaction occurs via a thermal [3,3]-sigmatropic 
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transfer to the cyclohepta[b]indole products. Finally, a notable three-step sequence for 
cyclohepta[b]indole synthesis was established by Haugen and co-workers from precursor 
allenamides 24 (Scheme 3.2, C).17e In an initial step, allenamides 24 undergo a DMDO-
mediated epoxidation followed by ZnCl2-promoted [4+3]-cycloaddition to afford bicyclic 
ketones 26. Secondly, magnesium-halogen exchange generates a Grignard reagent that 
undergoes an intramolecular nucleophilic attack onto ketone 26 to afford alcohol 27. 
Finally, a Chugaev elimination furnished highly functionalized cyclohepta[b]indoles 28. 
While these ingenious protocols afforded highly useful cyclohepta[b]indoles, 
development of more concise methods for accessing the same molecular scaffold in a 




Scheme 3.2. Prior Synthetic Approaches to Cyclohepta[b]indoles. 
 
3.2 Development of a Formal [5+2] Approach to Azepino[1,2-a]indoles via Putative             
D-A-A Cyclobutanes Intermediates 
3.2.1 Project Rationale and Justification 
Our lab has consistently been fascinated by small, strained carbocycles as 




up to 90% yield
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on a specific class of cyclopropanes referred to as the donor-acceptor-acceptor (D-A-A) 
cyclopropanes. Chapter 1 described, in detail, the range of reactivities possible as well the 
scope of chemical scaffolds accessible using D-A-A cyclopropane building blocks. Over 
the past several years, the France lab has reported exciting protocols involving ring-
opening cyclizations of these cyclopropanes for the synthesis of cyclohexenones (28), 
dihydrobenzofurans (29), cyclohexa[b]indoles (30), benzo[c]thiophenes (31), pyrido[1,2-
a]indoles (32), and hydropyrido[1,2-a]indoles (33), and many other benzo-fused 
heteroaromatics (Figure 3.2, A).18 In addition, our lab has showcased the utility of D-A-A 
cyclopropanes by applying them in the total synthesis of (±)-deethyleburnamonine (34) 
(Figure 3.2, A). Given this success with D-A-A cyclopropanes, we envisaged 
homologous intramolecular ring-opening reactivity using D-A-A cyclobutanes.  
Successful implementation of such a strategy would allow concise entry into azepino[1,2-
a]indoles, an important scaffold in the indole alkaloid family of natural products (Figure 
3.2, B).  
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As highlighted in Chapter 1, D-A-A cyclopropanes and cyclobutanes share 
similar reactivity profiles in many instances. Cyclopropanes, however, have traditionally 
received much more attention by synthetic chemists and subsequently have been more 
extensively incorporated in synthetic methodologies as well in the total synthesis of 
natural products.18a, 19 An analysis of the chemical landscape involving these two sets of 
strained carbocycles demonstrates heavy investment of effort into D-A-A cyclopropanes 
for exploration of both their intra- and intermolecular reactivities (Figure 3.3). D-A-A 
cyclobutanes, on the other hand, have only recently started gaining popularity as viable 
synthetic precursors.20 In this small set of publications involving D-A-A cyclobutanes, 
most of the focus has been on their intermolecular transformations. Intramolecular 
reactivity of D-A-A cyclobutanes remain largely unexplored. In fact, to the best of our 
knowledge, no reports involving intramolecular cycloisomerization reactions of D-A-A 
cyclobutanes had been reported prior to the France lab’s exploration of this area.  Our 
intended strategy for azepino[1,2-a]indole synthesis sought to address this deficit as well 




Figure 3.3. Chemical Landscape for Utilization of D-A-A Cyclopropanes and Cyclobutanes in Synthesis. 
 
3.2.2 Reaction Design 
A formal [2+2]-cycloaddition of alkylidenes 40 and alkenes 39 would 
conceivably produce D-A-A cyclobutanes 41 (Scheme 3.3). While the intended 
cycloisomerization has been demonstrated extensively for D-A-A cyclopropanes, its 
application to D-A-A cyclobutanes has not been explored and poses several difficulties. 
Firstly, formation of larger 7-membered rings (in the case of D-A-A cyclobutane 
reactions) is entropically less favored compared to 6-membered ring formation (in case of 
D-A-A cyclopropane reactions).21 Secondly, once ring-opening occurs to form 
zwitterionic intermediate 42, it is imperative that π-attack (by the heteroaromatic system) 
occur immediately thereafter to preclude side reactions such E1-elimination (to form 
alkene 44) or any potential degradation pathways (Scheme 3.3). The chosen indole π-
nucleophile is particularly suitable for this transformation since it has been demonstrated 
to undergo rapid and smooth reactivity in Friedel-Crafts-type transformations.22 
However, in the event that enolate protonation-tautomerization precluded cyclization, 
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• rich, untapped territory
• signficant synthetic potential
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amide 42’ would be formed. Formation of this “amide” moiety would lead to some 
degree of de-activation of the indole ring towards the Friedel-Crafts transformation, a 
concern for the effectiveness of cyclization towards azepine 43. Finally, a concern for 
this approach to azepinoindoles lay in the limited number of available methods of 
synthesizing D-A-A cyclobutanes23 compared to D-A-A cyclopropanes.24 This limitation, 
in turn, dictates that the sought after [2+2]-cycloaddition be tolerant of a variety of 






























































3.2.3 Synthesis of Model Substrate 
The model alkylidene, N-indolyl malonamide 49, was synthesized via a 
straightforward, two-step sequence in which commercially-available 3-methylindole 45 
was subjected to methyl malonyl chloride 46 to afford N-acylated indole 47 (Scheme 
3.4). Indole 47 then underwent a Cu(OAc)2-catalyzed condensation, in the presence of 
formaldehyde 48, to furnish the desired alkylidene 49. 
 
 
Scheme 3.4. Synthesis of the Model Substrate. 
 
3.2.4 Proof of Principle 
As a starting point, we envisaged cyclobutane formation via a Lewis acid-
catalyzed formal [2+2]-cycloaddition protocol established by Roberts and co-workers 
(Scheme 3.5).17a Alkylidene malonamide 49 and 4-methoxystyrene 51 were chosen as the 
model substrates with 20 mol% ZnBr2 as the catalyst. Under these conditions, the 
expected D-A-A cyclobutane 52 was isolated in 27% yield. Serendipitously, azepino[1,2-
a]indole 53 was also formed in the reaction in 35% yield after 24 h. This exciting result 
hinted at the possibility of a direct, one-pot synthesis of azepinoindoles from precursor 
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Scheme 3.5. Serendipitous Synthesis of Azepino[1,2-a]indoles. 
 
3.2.5 Reaction Optimization 
 Having established an initial set of conditions (20 mol% ZnBr2, DCM) for the 
formation of D-A-A cyclobutane 52 and azepine 53 from starting materials 49 and 51, an 
extensive catalyst screen was performed (Table 3.1). The goal of this optimization was to 
identify a catalytic system for the formation of only azepine 53 (complete suppression of 
cyclobutane 52). This exclusive formation of azepine 53 would eliminate the need to 
isolate cyclobutane 52 and re-subject it to a further reaction optimization sequence for its 
cycloisomerization to azepine 53.  
First, an investigation of the effect of amount of ZnBr2 loading on reaction 
outcome was investigated. Using 30 and 100 mol% loading led to exclusive formation of 
azepine 53 in 49% and 52% yield respectively (Table 3.1, entries 2, 3). Surprisingly, no 
change is reaction time was observed – reactions took about 24 h irrespective of the 
amount of ZnBr2 loading. Other oxophilic Lewis acids, possessing the ability to bind to 
the dicarbonyl moiety of 50, were tested.  Sc(OT)3 rapidly led to azepine formation in 
72% yield at a loading of 20 mol% (Table 3.1, entry 4), while reducing its loading to 10 



























such as Yb(OTf)3, La(OTf)3, and Mg(OTf)2 gave either low yields of azepine 53 or 
mixtures of azepine 53 and cyclobutane 52 (Table 3.1, entries 6, 9, 11). 
During the optimization study, it was observed that azepine product formation 
generally occurred in good to high diastereoselectivity, with the cis-product as the major 
diastereomer. The ZnBr2 reactions gave diastereoselectivities in the range of 11:1 to 16:1 
while Yb(OTf)3, La(OTf)3, and Mg(OTf)2 gave dr’s of 12:1, 8:1, and 19:1 respectively. 
Fortunately, 10 mol% Sc(OTf)3 was selected as the optimal catalyst system since 
afforded azepine 53 in the highest chemical yield (78%) as well as the best 
diastereoselectivity (33:1) (Table 3.1, entry 5).  
 The preference towards exclusive formation of azepine 53 under either high 
catalyst loadings (30 mol% and 100 mol% ZnBr2) or strongly Lewis  acidic metal salts, 
such as Sc(OTf)3, suggested the possibility of cyclobutane 52 as a potential intermediate 
en route to azepinoindole 53.  Conceivably, cyclobutane 52 could cycloisomerize, under 
suitable reaction conditions, to yield product 53 in an irreversible fashion. Consequently, 
the goal of the method was modified to focus on a direct, formal [5+2]-cycloaddition of 
alkylidenes, of the type 50, and alkenes such as 51 for synthesis of azepines exemplified 
by 53.  
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Table 3.1. Lewis Acid Screen for Formal [5+2]-Cycloadditiona. 
 
 
Next, a solvent screen was carried out. Weakly coordinating, non-polar solvents 
such as PhH, PhMe, and DCM proved competent and a led to product formation in 64%, 
57%, and 78% yield respectively (Table 3.2, entries 1, 5, 6). On the other hand, polar 
coordinating solvents led to either low reaction yields (32% yield with EtOAc), or no 
product formation at all (with MeCN and THF) (Table 3.2, entries 2, 3, 4). It is likely that 
coordinating solvents bind to the metal center of the catalyst leading to either alteration in 
Lewis acidity or complete sequestration thus hindering desired reactivity. Attempts to 
alter reaction concentration and temperature were unfruitful and did not lead to any 



























a Reaction run with 1 equiv of 49, 1.3 equiv of 51, and x mol% Lewis acid at
 room temp in DCM (0.17 M). b Isolated yield after column chromatography. c Ratio       on isolated yield. 




















































































Table 3.2. Solvent Screen for Azepino[1,2-a]indole Synthesisa. 
 
3.2.6 Reaction Scope and Limitations 
Using 10 mol% Sc(OTf)3 as the optimal catalyst, an investigation of the scope of 
the direct, formal [5+2]-cycloaddition was commenced (Figure 3.4, A). First, an 
exploration of the reactivity of alkylidene 49 with various mono-substituted alkenes 54 
was probed. Para-substituted styrenes led to azepines 53a-53d, with the more electron-
rich styrenes leading to higher yields. The highly electron-deficient alkene, para-
nitrostyrene, did not afford any desired product (53e) at all. This trend pointed towards a 
carbocation-type mechanism in which a build-up of positive charge on the benzylic 
position is experienced during the reaction.  
Using ortho-methoxy styrene in the reaction did not lead to any product whereas 
ortho-bromostyrene azepine 53g in a low yield (15%). Further investigation revealed that 
2-4-dimethoxystyrene and 2-bromo-4-methoxystyrene were tolerated in this 
transformation and affords azepinoindoles 53h and 53i in 25% and 66% yield 
respectively. These results highlight some subtle stereoelectronic sensitivity of the formal 















a Reaction run with 1 equiv of 49 and 1.3 equiv of 51 at room 
temp in DCM (0.17 M) using 10 mol% Sc(OTf)3. b Isolated 
yield after column chromatography. c Side products observed. 

















effect is somewhat mitigated by installing an electron-donating para-substituent.  
Presumably, this installation of a p-methoxy group leads to a boost in nucleophilicity of 
the ortho-substituted styrene thus forcing the desired cycloaddition. 
Other alkenes, such as 2-vinyl naphthalene, 2-vinyl furan and phenyl vinyl sulfide 
were well-tolerated and led to azepino[1,2-a]indoles 53j-53l in 45%, 62%, and 85% 
respectively. Interestingly, use of ethyl vinyl ether in the reaction did not lead to the 
desired product; starting material 49 was recovered. Ethyl vinyl ether, being highly 
electron-rich, easily degrades/polymerizes in the presence of strong Lewis acids.25 Upon 
being subjected to the milder Yb(OTf)3 catalyst, cyclobutane 52a was formed, albeit in 
low yield (Figure 3.4, B). Finally, re-subjecting D-A-A cyclobutane 52a to the optimized 
Sc-conditions led to unsaturated azepine 53m in 81% yield.  The unsaturation in 53m 
presumably results from a Lewis acid-mediated EtOH elimination on the ethoxy-
substituted azepine intermediate 53m’. In addition, exploration of multi-substituted 
alkenes as well substituted indole-based alkylidenes produced products in 53n-53s in 54-
92% yield.  
Unfortunately, 1-hexene and allyltrimethylsilane proved weak nucleophiles for 
the cycloaddition transformation; respective products 53t and 53u were not observed. 
Other unsuccessful reactions involved tri-substituted alkylidenes for the formation of 
azepines 53v and 53w. Such substitution likely stalls the formal [5+2]-cycloaddition due 
to steric hindrance. Finally, N-based alkenes were also not tolerated (degradation and 
polymerization observed), thus azepinoindole 53x proved elusive via this methodology.  
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Figure 3.4. Scope for Azepino[1,2-a]indole Synthesis. 
 
3.2.7 Reaction Mechanism 
Mechanistically, this transformation likely proceeds via an initial Lewis acid-






X = 53; OMe, 78%; 33:1 dr
53b; Me, 62%; 20:1 dr
53c; Cl, 33%; 34:1 dr
53d; H, 24%; 24:1 dr













53j; 45%; 16:1 dr
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53g; 15%; 2.3:1 dr
53h; 25%; 1.6:1 dr
53i; 66%; 3:1 dr
R = n-Bu; 53t; no product









intermediate I (Scheme 3.6, A). Intermediate 56 can undergo two parallel pathways: (a) a 
formal [5+2] cycloaddition to form the desired azepine 53, or (b) a formal [2+2] 
cycloaddition to furnish the donor-acceptor cyclobutane 52. Given entropic 
considerations for ring-forming reactions,21 it is likely that the transformation proceeds 
via the cyclobutane first, followed by a cycloisomerization to give the azepino[1,2-
a]indole. Isolating cyclobutane 52 and subjecting it to the reaction conditions smoothly 
gave 53 in 94% yield with 50:1 dr (Scheme 3.6, B). This result supports the proposed 
mechanism (Scheme 3.6, A) and also represents the first literature example of 
intramolecular ring-opening/cyclization of a donor-acceptor cyclobutane.  
The mechanism proposed for the [5+2]-cycloadditions invokes a polar, step-wise 
sequence of events. Evidence for a stepwise mechanism seems to be supported by several 
factors: (1) the reaction appears to favor electron-rich alkenes pointing towards the 
importance of a nucleophilic attack onto alkylidenes 49 via Michael addition-type 
pathway; (2) for styrene Michael donors, the highest yields were obtained with resonance 
stabilizing para-substituents (such –OMe) or alpha-substituents (such as –Me or –Ph) 
suggesting the formation of a benzylic carbocation during the reaction; (3) high steric 
sensitivity – substituents on the vinyl position of alkylidenes 49 as well as tetrasubstituted 
Michael donors are not tolerated at all presumably due to preclusion of the initial Michael 
addition step.  These factors, among others, have also been reported as evidence for step-
wise mechanisms in other cycloadditions in literature.26 More definitive evidence of a 
polar or conservative mechanism could be gathered through use of a purely E- or Z-
alkene in the reaction. In each case, maintenance of relative stereochemistry in the 
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azepine would suggest a concerted mechanism while stereochemical scrambling would 
support a polar one. 
Most of the substrates investigated in this study yielded corresponding 
azepino[1,2-a]indoles with high degrees of diastereoselection. Presumably, relative 
stereochemistry is set during the protonation step, after 7-membered ring formation. The 
Lewis acid-azepino[1,2-a]indole enolate complex (57) is expected to adopt a twist-chair 
conformation similar to that of cycloheptenone-type systems (Scheme 3.6, C).27 A 
preferred pseudoaxial protonation (58) leads to the cis product as the major diastereomer. 
Notably, this kinetic protonation also places the two bulky groups (-R and –CO2Me) in 
thermodynamically favored pseudoequatorial positions. As such, the cis-diastereomers 
are formed as the thermodynamic products. 
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Scheme 3.6. Mechanism for Azepino[1,2-a]indole Synthesis. 
 
3.3 Development of a Formal [5+2] Approach to Cyclohepta[b]indoles 
3.3.1 Reaction Design 
In an effort to extend it to synthesis of scaffolds other than the azepino[1,2-
a]indoles, the formal [5+2]-cycloaddition strategy could conceivably be applied to C-acyl 
alkylidenes, of the type 60 (Scheme 3.7). Such an application would lead to 
cyclohepta[b]indoles (61), another prominent scaffold in the indole alkaloid family of 
natural products. Just as in the case of azepino[1,2-a]indoles (discussed in the previous 
section), substitutions on the starting materials 60 and 54 could presumably be effected, 
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Scheme 3.7. Formal [5+2]-Cycloaddition Approach to Cyclohepta[b]indoles. 
 
3.3.2 Synthesis of Model Substrate 
The model substrate, 64, was synthesized via a three-step sequence shown in 
Scheme 3.8. N-methyl indole-2-carboxylic acid 62 was subjected to oxalyl chloride and 
catalytic DMF to form N-methyl indole-2-carbonyl chloride in situ (Scheme 3.8). To this 
acid chloride was added the enolate of methyl acetate, leading to beta-keto ester 63. 
Finally, a Cu(OAc)2-catalyzed condensation of beta-keto ester 63 with formaldehyde 
yielded model alkylidene 64.  
 
Scheme 3.8. Synthesis of the Model Substrate. 
 
3.3.3 Proof of Principle 
Subjecting alkylidene 64 and α-methyl styrene 66 to catalytic Sc-conditions 
afforded cyclohepta[b]indole 61f in 65% yield as a mixture of keto-enol tautomers 
(Scheme 3.9). This example demonstrated the applicability of the formal [5+2]-
cycloaddition strategy towards chemotypes other than the azepinoindole scaffold.  Only a 
2.5 mol% loading of Sc(OTf)3 was required for complete conversion, a notable feature of 
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Scheme 3.9. Cyclohepta[b]indole Synthesis via a Formal [5+2]-Cycloaddition. 
 
3.3.4 Reaction Optimization 
A Lewis acid screen of oxophilic metals salt revealed the range of catalysts able 
to promote this transformation. Notable metal salts included Hf(OTf)4, Sc(OTf)3, 
Yb(OTf)3, and Al(OTf)3 which all gave yields above 50% (Table 3.3, entries 1-3, 5). 
Gratifyingly, a 1:1 mole ratio of Ca(NTf2)2:(n-Bu)4NPF6 provided the highest chemical 
yield (78%) (Table 3.3, entry 10). This Ca(NTf2)2/(n-Bu)4NPF6 mixture, developed by 
Leonori and co-workers, presumably undergoes a ligand metathesis, producing 
Ca(NTf2)(NPF6), a strongly Lewis acidic and highly oxophilic metal complex.28 This 
Ca(NTf2)(NPF6) complex is thus effective for binding dicarbonyl systems of the type 64, 
which initiates the formal [5+2]-cycloaddition. Notably, neither Ca(NTf2)2 nor (n-
Bu)4NPF6 alone promoted the reaction at all, justifying the importance of a combination 
of the two (Table 3.3, entry 11, 12). The success of the Ca-based metal salt in promoting 
this transformation was a major advantage towards sustainability due to its: (1) low cost; 
(2) low toxicity; and (3) ease of disposal.28 
It should be noted that all reaction times in this study were relatively short; 
complete conversions were observed in a 0.5-1.5 h time ranges. Efforts to optimize 
temperature, reaction concentration, and equivalents of α-methyl styrene did not lead to 


























Table 3.3. Lewis Acid Screen for Cyclohepta[b]indole Synthesisa. 
 
 
3.3.5 Reaction Scope and Limitations 
Formal [5+2]-cycloadditions using alkylidene 64 and variety of alkenes were 
investigated (Scheme 3.10). Different para-substituted styrenes led to 
cyclohepta[b]indoles 61a-61d. Unfortunately, under the reaction conditions, significant 
degradation and polymerization of the styrenes were observed leading to unpredictable, 
haphazard yields. Di- and tri-substituted alkenes proved better-behaved, leading to 
cyclohepta[b]indoles 61e, 61f, 61g and 61i in 63%, 78%, 79%, and 90% yields. The 





















a Reaction run with 1 equiv of 64, 5 equiv of 66, and 2.5 mol% Lewis 
acid at 40 °C in DCM (0.1 M). b Isolated yield after column 


































Investigation of the full scope of this methodology is still ongoing and 
diastereoselectivities of all products are yet to be determined (via Krapcho derivatizations 
of formed keto-esters 61). 
 
 
Scheme 3.10. Substrate Scope for Cyclohepta[b]indole Synthesis. 
 
3.3.6 Reaction Mechanism 
 An initial π-type Michael addition of alkene 54 onto alkylidene 64 affords 1,4-
zwitterionic intermediate 67 (Scheme 3.11). Subsequent π-attack on the carbocation 
(pathway (a): formal [5+2]-cycloaddition) forms the desired cyclohepta[b]indoles 61. 
Alternatively, pathway (b) – formal [2+2]-cycloaddition, would afford the more 
entropically-accessible D-A-A cyclobutanes 68. However, no cyclobutanes were 









Me Ca(NTf2)2 (2.5 mol%)(n-Bu4N)(PF6) (2.5 mol%)
DCM, refluxR1






















































D-A-A cyclobutanes 68 are likely unstable under the reaction conditions (due to the 
strongly polarizing keto group) and thus rapidly cycloisomerize to the 
cyclohepta[b]indoles 61. 
Generally, the formal [5+2]-cycloaddition strategy for the synthesis of 
cyclohepta[b]indoles led to  lowered yields with respect to azepino[1,2-a]indoles. This 
disparity can the attributed to ketone 67’, formed upon protonation-tautomerization of 67 
prior to cyclization. Reduced nucleophilicity at C-3 of indole by the keto group in 67’ 
would potentially lead to inefficient cyclization as well as promotion of side reactivity 
such as E1-elimination. This effect is likely minimal in case of azepinoindole synthesis 
where N-electrons in 42’ are less effectively delocalized into the carbonyl system leading 
to minimal reduction in the nucleophilicity of the indole π-system.  
 






























































3.4 Summary: Formal [5+2]-Cycloadditions for Synthesis of Azepino[1,2-a]indoles 
and Cyclohepta[b]indoles 
Azepino[1,2-a]indoles and cyclohepta[b]indoles are prominent scaffolds in the 
indole alkaloid family of natural products. Presented in this chapter is a versatile formal 
[5+2]-cycloaddition strategy for access to these important scaffolds (Scheme 3.12). 
Indole-based alkylidenes 40 or 64 and alkenes 54 react in the presence of appropriate 
Lewis acids leading to the desired 7-membered rings. Experimental evidence appears to 
indicate that these formal [5+2]-cycloadditions are not concerted and occur via a polar, 
stepwise mechanism. Furthermore, variations in the alkylidenes and alkenes can be 
performed in a modular fashion leading to broad substrate scope under mild reaction 
conditions.  
In the process of developing these methods, evidence was gathered for the 
existence of D-A-A cyclobutanes as intermediates in the formal [5+2]-cycloadditions. 
Our lab has continually been interested in strained carbocycles: cyclopropanes and 
cyclobutanes. As discussed in Chapter 1, D-A-A cyclobutanes are an emerging class of 
versatile building blocks whose intermolecular reactivity has been of great interest. The 
discovery of putative D-A-A cyclobutane intermediates triggered their ring-opening 
cyclization to the respective azepino[1,2-a]indoles. Importantly, this transformation 
represented the first literature example of cycloisomerization of a D-A-A cyclobutane in 

























































(yield up to 92%)
(dr up to 34:1)
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3.5 EXPERIMENTAL SECTION  
• For supporting information (including characterization) for the synthesis of 
azepino[1,2-a]indoles see: Shenje, R.; Martin, M. C.; France, S., A Catalytic 
Diastereoselective Formal [5+2] Cycloaddition Approach to Azepino[1,2-
a]indoles: Putative Donor–Acceptor Cyclobutanes as Reactive Intermediates. 
Angew. Chem. Int. Ed. 2014, 53 (50), 13907-13911. 
• Cyclohepta[b]indoles 61 synthesized by Martin, M. C. as part of a manuscript in 
progress: Shenje, R.; Martin, M. C.; France, S., Catalytic Formal [5+2]-
Cycloadditions for Cyclohepta[b]indole synthesis. Manuscript in Preparation, To 
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CHAPTER 4  CONTINUOUS FLOW TANDEM CYCLOPROPANATION/RING-
OPENING CYCLIZATIONS††,1 
4.1 Introduction 
Since the birth of synthetic chemistry, chemists have used batch set-ups to 
undertake organic reactions. These traditional batch-wise processes feature a single 
reaction vessel in which reactants, reagents and solvents are mixed to effect a specific 
transformation (Scheme 4.1, A). Upon completion of the desired reaction, reactor 
contents then typically undergo workup then purification protocols to produce final 
compounds. In contrast, continuous flow setups feature a steady stream of solvent 
containing reactants and reagents that are fed into a reactor via a series of pumps 
(Scheme 4.1, B). Under this regime, starting materials react as they traverse the reactor 
coil. While continuous flow technology has been utilized extensively by chemical 
engineers for more than a century, its miniaturization and adoption by synthetic chemists 
is a recent phenomenon.  Much of the application of continuous flow in the engineering 
sector involves very large-scale applications; chemists have now scaled down this 
technology and applied it to towards undertaking sustainable organic chemistry 
transformations.2  
                                                
 
 
†† Work on the continuous flow synthesis of hydropyrido[1,2-a]indoles performed in collaboration with 




Scheme 4.1. Batch and Continuous Flow Reaction Set-ups. 
 
4.2 Batch vs Continuous Flow 
Being from very distinct operational regimes, batch and continuous flow reactions 
are governed by different principles. For example, in the batch regime, reaction time 
simply refers to the amount of time elapsed between addition of reagents and quenching 
of reaction mixture. In continuous flow, reaction time is governed by residence time, tR, 
which is the length of time a solution resides in the reactor. Residence time is a function 
of flow rate and reactor volume. Very fast reactions need only spend minimal time in the 
reactor and therefore can be effectuated using high flow rate, and vice versa.3 
Reaction stoichiometry is another property that is visualized differently in batch 
as opposed to continuous flow regimes. Concentration of reagents and their volumetric 
ratios govern stoichiometry under batch conditions whereas reagent concentration and 
ratios of their flow rates apply to continuous flow. In a flow reactor, the flow rates of the 
different reagent inlets need not be the same; application of a stoichiometric or super-
stoichiometric amount of a single reagent can undertaken by increasing it flow rate and/or 
concentration independent of the other reagent inlets.4 
Whether a reaction is being performed under batch or flow conditions, it is crucial 
that reagents be mixed efficiently for optimal control of reaction kinetics and, ultimately, 









induces mechanical agitation of the fluidic system. Under these conditions, referred to as 
macromixing, the mixing is directly dependent on type of impeller employed and rate of 
stirring and involves a chaotic combination of laminar, turbulent and transitional patterns 
of flow. Flow reactors operate in two different paradigms of mixing: micromixing and 
macromixing. Micromixing is the dominant paradigm microreactor systems; herein 
laminar flow is experienced (Reynolds number, Re < 1) and mixing is governed by 
diffusion rates between fluids involved.  Micromixing can be spectacularly efficient; 
complete mixing can be achieved in a fraction of a second. Macromixing for larger scale 
flow reactor can be laminar, turbulent and transitional patterns of flow depending on Re; 
most laboratory-type flow reactor involved laminar and transitional flow. For both micro- 
and macromixing paradigms in flow reactors, additional strategies, such as mixing beds, 
can be employed to improve the rate and extent of mixing of fluid/reagents.5 Ultimately, 
these mixing strategies for flow chemistry significantly more effective mass transport 
compared to batch configurations. 
In synthetic chemistry, it is often critical that a transformation be performed at a 
certain, specific temperature. Carrying out reactions under known, isothermal conditions 
allows better mapping and prediction of reaction kinetics; this, in turn, enables more 
precision and reproducibility. At large reaction scales in industry, precision and 
reproducibility of reactions are of the utmost importance as they directly correlate to 
efficiency and cost of the overall chemical processes. In addition, highly exothermic 
transformations need efficient heat transfer to prevent self-propagative, runaway chain 
reactions while endothermic reactions, if unchecked, can lead to self-quenching and 
stalling.   It is therefore imperative that heat transfer for reactions (both exothermic and 
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endothermic) be as efficient as possible. Under batch conditions, the mechanism of heat 
transfer depends convective factors wherein vigorous stirring creates convection currents 
that transfer heat to the reactor walls. For flow systems, however, heat transfer is 
predominantly a factor of thermal conduction through the fluid itself. As a result, reactor 
thickness is an important parameter for rate/efficiency of heat transfer; thinner reactor 
diameters intrinsically have larger surface area-to-volume ratio and therefore can conduct 
heat more effectively. Reactor material also plays a crucial role in heat transfer for flow 
systems. Generally, thinner reactors as well as high conductivity reactor materials offer 
superior heat transfer to and fro the reaction medium.5a 
Another important distinction between batch and flow reactors configurations 
pertains to reaction scale-up. In batch, scale-ups are a function of vessel size; large 
reactions are performed using proportionately large reaction vessels capable of 
supporting large amounts of material. Industrial scale batch reactors can be immense, 
occupying an enormous footprint. In contrast, reaction scale-ups for flow reactions can be 
effectuated by adjustments in flow rate, reactor volume, and reactor runtime. High flow 
rates and large reactor volumes lead to higher throughput with marginal increases in 
footprint in many cases. In addition, maintaining a constant flow rate and reactor volume 
while allowing longer runtimes also achieves increases in total reaction output even 
though the intrinsic reactor throughput remains unchanged. Finally, flow reactors offer 
the option of “scaling-out” reactions as opposed to “scaling-up”. Scaling-out involves 
setting up multiple, parallel flow reactor modules that may or may not utilize the same 
starting material reservoirs. This allows large product output without the need to 
recalculate or re-engineer reactor dimensions, flow rates and heating/cooling protocols.6 
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There are many advantages of continuous flow reactors (CFRs) over batch 
reactors (BRs) for synthetic chemistry applications. Since the reactor thicknesses and 
volume are relatively small, temperature control and mixing of reagents are much more 
efficient in CFRs compared to BRs. Additionally, the efficient temperature control and 
mixing in CFRs allows certain reactions to even be carried out under solvent-free 
conditions which reduces the amount of waste generated in a synthetic transformation. 
Another advantage of CFRs is that they can be more easily automated compared to BRs. 
Devices such as auto-samplers and in-line detectors can be connected to the CFR system 
such that preliminary data analysis can be performed automatically. Furthermore, 
workups and purifications can be paired to a flow reactor using strategies such as solid 
phase scavenging, liquid/liquid extraction, and chromatography. On the other hand, 
automation of BRs is non-trivial.  
By maintaining relatively small reactions volumes, CFRs are generally considered 
a safer vehicle for handling highly hazardous reagents or undertaking transformations 
whose exothermicity can potentially lead to dangerous runaway reactions.  Other 
important benefits of continuous flow include: (1) ease of scale-up or scale-out using a 
small footprint; (2) the ability to heat reactors above the solvents’ boiling points; (3) 
lowered production costs; (4) increased reaction reproducibility and enhanced product 
quality; and (5) the potential for uninterrupted, multi-step reaction sequences.3, 5a 
Notably, while it offers numerous benefits over batch as a vehicle for synthetic 
chemistry, continuous flow does have a few drawbacks: (1) initial costly capital 
investment for pumps, reactors, and peripheral devices; and (2) incompatibility with 
reactions whose products precipitate out of solution.7 Despite these challenges, flow 
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reactor systems are an indispensible enabling technology for undertaking synthetic 
chemistry, and therefore are consequently gaining popularity in the synthetic community 
as viable alternative reaction vehicles. Many exciting research areas involving flow 
chemistry are currently being explored and include: (1) coupling flow reactors with 
microwave technology;6 (2) application of flow systems to highly reactive/sensitive 
intermediates;3 (3) supported reagents/catalysts for heterogeneous reactivity;8 (4) 
multicomponent and multistep transformations;9 and (5) coupling of flow and 
photochemistry.10 Much success has already been achieved in these areas, making 
continuous flow reactions a key and unparalleled strategy for the future. 
 
4.3 Recent applications of flow technology 
There are a number of transformations whose reaction timescales are so short (at 
cryogenic or ambient temperatures) that the rate of mixing becomes particularly 
important. For these reactions, it is crucial that the timescale for mixing be greater than 
that of the actual reaction itself in order to reduce local “pockets” of intermediates or 
product where the localized concentration can lead to side reactivity, producing by-
products. Micron-sized flow reactors enable rapid micromixing allowing mixing rates 
faster than would be possible with mechanical agitation under batch set-ups.5a 
The Friedel-Crafts-type aminoalkylation of trimethoxybenzene 1 with iminium 2 
is one example that benefits microflow reactivity (Scheme 4.2, A).11 Under batch 
conditions, this transformation proved highly inefficient and only a 36% yield of desired 
product 3 was obtained. This low yield was due to formation of the di-alkylated by-
product 4. In contrast, fast micromixing afford by flow chemistry enabled suppression of 
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this competitive dialkylation leading to a 92% isolated yield of 3. In another example, a 
Moffatt-Swern-type oxidation of alcohol 5 to ketone 6 proved particularly indicative of 
the superiority of flow reactors over batch systems (Scheme 4.2, B).12 The transformation 
was difficult to perform under batch reaction conditions (-20 °C) due to formation of the 
Pummerer rearrangement by-products 7 and 8. Continuous flow allowed fast 
micromixing to produce desired ketone 6 in 88% yield in 10 ms at 20 °C.5a, 13 
 
 
Scheme 4.2. Continuous Flow Friedel-Crafts Alkylation. 
 
As testament to its utility towards synthesis of natural products, microreactor-
based methodology optimization was performed in an important glycosylation 
transformation (Scheme 4.3). The benefit of flow chemistry in this case was its ability to 
be integrated with reaction-monitoring technology such as UV-Vis and LC-MS. Under 
this efficient configuration, reactions temperatures were easily varied across -78 °C to -20 

































Taking in account all these variables, it was established that the formation of desired 
product 11 was directly related to temperature, and reaction time/flow rate. The undesired 
ortho ester 12 tended to be formed at -70 °C in with reaction times on the order or 60 s 
whereas the optimal condition for formation of the desired product 11 was observed 
between -60 °C and -40 °C in reaction timescales of about 210 s. While such precise 
monitoring of this fast reactivity was easily performed using a multi-variable flow 
strategy, its corresponding batch optimizations would have been extremely challenging.5a, 
14 
 
Scheme 4.3. Continuous Flow Glycosylation. 
 
Artemisinin 15 is an interesting sesquiterpene possessing unparalleled bioactivity 
for the treatment of multi-drug resistant malaria strains.15 Typical sources for this 
molecule for commercial use involve its direct isolation from the Artemisia annua plant 
or total synthesis via synthetic routes impractical on large scales. Methods for practical 
and cost-effective large-scale synthesis of artemisinin 15 would be of immense benefit to 
both the synthetic and pharmaceutical communities. A continuous flow semisynthesis of 
artemisinin 15 via dihydroartemisinic acid 13, recently developed by Seebeger and co-


















































involved the singlet oxygen (1O2) photooxidation of acid 13 to produce peroxide 14. 
Singlet oxygen chemistry is highly sensitive and extremely dangerous, two features for 
which continuous flow technology warrants itself useful due to enabling precise control 
of mixing, temperature, reaction time, and flow rates. Peroxide 14 was immediately 
subjected to further continuous flow conditions (TFA/O2) to enable a Hock cleavage 
which afforded artemisinin 15 in 39% overall yield in 4.5 min. Importantly, this tandem 
protocol has the potential to be scale-up (or scaled-out) which would significantly lower 
production cost for this important anti-malarial compound.15-16 Many other ingenious 
continuous flow protocols have carried out for syntheses of a range of interesting natural 
products such a yessotoxin, (-)-hennoxazole A, spirodienal A, puaciflorol F, vitamin D3, 
and aplysamine among others.15  
 
Scheme 4.4. Continuous Flow Synthesis of Artemisinin. 
 
4.4 Multistep Continuous Flow Synthesis 
Perhaps the most significant advantage of CFRs over BRs is the ability to 
undertake uninterrupted multistep syntheses without intermediary purification and 
isolation. Traditional multistep syntheses under batch conditions involves a linear 
sequence of reaction operations in which products from preceding steps undergo work-
ups, and purifications before being subjected to the next step (Scheme 4.5, A). This 































Under multistep continuous flow conditions, processes are streamlined such that products 
of earlier transformations are fed directly into subsequent steps (Scheme 4.5, B).  
Many considerations have to be taken into account for successful implementation 
of multistep continuous flow synthesis: (1) by-products of earlier steps must interfere 
with downstream steps; otherwise they should be removed (using inline strategies such 
immobilized reagents or scavengers); (2) processes must be sequenced so as to ensure 
solvent compatibility; (3) flow rates, and reactant concentrations must be well-managed 
at each stage; (4) engineering aspects must be taken into account for optimal choice of 
reactor type, dimensions, and heating/cooling mechanisms.8-9 
 
Scheme 4.5. Batch and Continuous Flow Multi-Step Set-ups. 
 
In an effort to leverage the benefits of multistep continuous flow synthesis, 
McQuade and co-workers applied it to the synthesis of ibuprofen (Scheme 4.6).17 In the 
first step, neat streams of isobutylbenzene 16 and propionic acid 17 were fed into reactor 
1 wherein a Friedel-Crafts transformation afforded ketone 18. This ketone was then fed, 
directly, into the next flow reactor where trimethyl orthoformate and iodosobenzene 
acetate induced a 1,2-aryl migration that led to ester 19. Finally, a saponification using 
KOH afforded the desired ibuprofen 20 through either chromatographic purification 
(70%) or recrystallization (51%). This three-step continuous flow synthesis enabled an 











efficient and streamlined synthesis of ibuprofen 20 without an intermediary workups or 
purification.  
 
Scheme 4.6. Continuous Flow Synthesis of Ibuprofen. 
 
In an elegant attempt to showcase the utility of continuous towards accessing 
natural products, Ley and co-workers reported a six-step flow sequence to the indole 
alkaloid (±)-oxomaritidine (25) (Scheme 4.7).18  All the steps in this sequence were 
carried out in flow and involve: (1) nucleophilic formation of an azide from bromide 21 
(reactor 1); (2) formation of Staudinger phosphinimine and an aza-Wittig reaction (with 
the aldehyde from reactor 2); (3) the imine from reactor 3 was reduced in an H-Cube to 
afford amine 23; (4) N-triflation in reactor 4 and a subsequent PIFA-oxidation and 
coupling (in reactor 5) to yield ketone 24; (5) deprotection and 1,4-addition led to (±)-
oxomaritidine (25). Through careful ordering of synthetic steps and the use of polymer-
supported in-line reagents, an all-flow sequence enabled the formation of (±)-


































Scheme 4.7. Continuous Flow Synthesis of (±)-Oxomaritidine. 
 
4.5 Development of Tandem Cyclopropanation/Ring-Opening Cyclizations in Flow 
4.5.1 Project Rationale and Justification 
The France group has continually been interested in developing homo-Nazarov 
and homo-Nazarov-inspired chemistry for access to interesting molecular scaffolds as 
well as for the total synthesis of natural products (Scheme 4.8). Successful manipulation 
of these types of reactions using D-A-A cyclopropane precursors has provided access into 
chemical scaffolds such as cyclohexenones (26), dihydrobenzofurans (27), 
cyclohexa[b]indoles (28), benzo[c]thiophenes (29), pyrido[1,2-a]indoles (30), 







































(Scheme 4.8, A).19 In addition, as testament to the ultimate utility of homo-Nazarov-
inspired chemistry, D-A-A cyclopropane 34 was synthesized en route to the total 
synthesis of (±)-deethyleburnamonine (32) (Scheme 4.8, B).19a Many other alkaloid 
natural products bearing the hydropyrido[1,2-a]indole scaffold exist and have been 
subject to much synthetic effort (Scheme 4.8, C).19a, 20 Given the importance of this core, 
integration of hydropyrido[1,2-a]indole synthesis with the benefits of flow chemistry 
would be of value to the synthetic/industrial community through enabling large-scale 
production in controlled, streamlined, and sustainable fashion. Furthermore, tandem 
cyclopropanation/cyclization protocols in flow have yet to be reported in literature;  
developing a method in this realm would benefit the fields of D-A-A cyclopropane as 
well as homo-Nazarov-type chemistry.  
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4.5.2 Reaction Design 
Hydropyrido[1,2-a]indoles have previously been synthesized, under batch 
conditions in the France lab, via a 4-step sequence (Scheme 4.9).19b An initial N-acylation 
of indoles 41 using methyl malonyl chloride 42 affords N-acylated indoles 43 (Step 1). 
Subsequent diazo transfer using TsN3 leads to the formation of diazo species 44 (Step 2). 
In the presence of a Rh(II) catalyst and alkenes 47, diazos 44 undergo cyclopropanations 
that produce D-A-A cyclopropanes 45 (Step 3). Finally, In(OTf)3-catalyzed ring-opening 
cyclization leads to hydropyrido[1,2-a]indoles 46 (Step 4). Conceivably, the two most 
critical transformations in this sequence (Step 3 – Cyclopropanation and Step 4 – Ring-
Opening Cyclization) could separately be carried out using flow chemistry. More 
interestingly, a tandem cyclopropanation/ring-opening cyclization protocol could be 
envisaged, and would potentially avoid any intermediary work-up or purification. Such 
an adaptation would conceivably benefit the hydropyrido[1,2-a]indole synthesis 
methodology in the following ways: (1) safe and easy handling of the highly reactive Rh-
carbenes formed in the cyclopropanation step; (2) ease of scalability through scale-up or 
scaling-out strategies; (3) efficient temperature control and mixing  enabling fast reaction 
times. In addition, a sustainable approach in the integration of flow chemistry with this 
methodology would render it synthetically more appealing if the following aspects were 
incorporated: (1) use of relatively low catalyst loadings; (2) utilization of benign, 
environmentally-acceptable solvents. Clearly, the development of an unprecedented, 
sustainable continuous flow multistep synthesis of hydropyrido[1,2-a]indoles would be a 
significant milestone for the synthetic community. 
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Scheme 4.9. Synthetic Protocol for Hydropyrido[1,2-a]indole Synthesis. 
 
4.5.3 Method Development: Strategy for Transfer from Batch to Flow 
The original protocol, developed by France and co-workers under batch 
conditions, utilized Rh2esp2-catalyzed cyclopropanation (60% yield) followed by an 
In(OTf)3-catalyzed ring-opening cyclization (99% yield) (Scheme 4.10, A).19b Both 
synthetic steps were carried out in DCM, an environmentally unacceptable solvent. In 
addition, inducing the cycloisomerization of cyclopropane 49 to hydropyridoindole 50 
required a 30 mol% In(OTf)3, another undesirable feature of this transformation. 
Sustainable adoption of this methodology in flow was carried out systematically as 





































this work: towards continuous flow
1. single-step flow reactions
2. tandem flow reactions
3. low catalyst loadings
4. benign solvents
1. safe handling of carbenes
2. easy scalability
3. efficient mixing/temperature control









ring-opening cyclization) was optimized first followed by the cyclopropanation (step 3). 
In the first sets of operations, extensive optimization of Step 4 was performed in order to 
achieve low In(OTf)3 loading,  an acceptable “green” solvent, as well as reasonably fast 
reactivity. After identification of these optimal conditions, their 
compatibility/applicability in flow was then demonstrated. Next, cyclopropanation was 
investigated. Here, key learning points were the optimal stoichiometry for this 
transformation, fast reactivity as well as a solvent identical to that implemented in Step 4. 
As before, applicability of Rh-cyclopropanation to flow chemistry followed. Finally, 
given the separate optimized conditions for Step 4 and Step 3, tandem 
cyclopropanation/cylization transformations were attempted. Several potential 
complications had to be addressed towards this end: (1) whether or not cyclopropanation 
and cyclization procedures were indeed compatible to be carried out in a tandem 
formation; (2) potential interference of any material or by-products from 
cyclopropanation with the cyclization (which would require in-line scavengers or 
chromatography); and (3) the ability to maintain the already optimized fast reaction rates 
for the individual steps. Ultimately, the optimal tandem batch conditions were transferred 
to continuous flow.  
 164 
 
Scheme 4.10. Adoption of Hydropyrido[1,2-a]indole Synthesis in Flow. 
 
4.5.3.1 Batch Ring-Opening Cyclization 
 Cyclopropane 49 was subjected to varying conditions of catalyst loading and 
solvent, and reaction success was defined as high chemical yields as well as short 
reaction times (Table 4.1). Solvents investigated as potential replacements to DCM were 
chosen in accordance with the Pfizer solvent selection guide.21 In(OTf)3 was an absolute 
necessity of the reaction, a reaction without this catalyst did not proceed at all (Table 4.1, 
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times while alcoholic one completely stalled the reaction (Table 4.1, entries 3-6). The 
lack of success using these solvents was attributed to their inability to completely 
dissolve the cyclopropane starting material 49 and the In(OTf)3 catalyst. As such, these 
reactions were evidently heterogeneous, a property unsuitable for continuous flow. 
Additionally, as described in previous chapters, alcoholic solvents also tend to sequester 
highly oxophilic catalysts, hindering cyclization.  On the other hand, solvent such as 
PhMe, acetone, and MeCN proved worthwhile and led to high reaction conversion in 
short reaction times (Table 4.1, entries 8-10). MeCN was particularly promising and was 
subjected to further optimization (Table 4.1, entries 10-12). Ultimately, lowering the 
In(OTf)3 loading to 5 mol% still achieved > 99% conversion in 15 min; these conditions 
were selected as optimal for batch ring-opening cyclizations (Table 4.1, entry 12). 
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Table 4.1. Solvent Screen for Ring-Opening Cyclizationa. 
 
 
The optimized batch conditions (5 mol% In(OTf)3, 0.1 M MeCN, rt)were applied 
to a set of other cyclopropanes (Table 4.1).  Cyclopropanes 5 and 6 both gave good 
conversions and yields (90% and 79% respectively) in the 15 min timeframe (Table 4.2, 
entries 5-6). However, cyclopropane 49b, bearing the less activating Me-Ph donor 
groups, underwent slow reactivity under the optimized conditions as well as with higher 










































10 MeCN 15 min
11 MeCN 15 min















a Reaction run with 49 (0.3 mmol scale, 1 equiv) and In(OTf)3 (X mol%) in 
DCM (0.1 M). b Time taken to reach > 99% conversion as determined by 1H-NMR.








reaction temperature to 50°C benefited this transformation, and a 99% yield of 
hydropyridoindole 50 was obtained (Table 4.2, entries 4). 
 
Table 4.2. Ring-Opening Cyclizations for Other Cyclopropanesa. 
 
 
4.5.3.2 Continuous Flow Ring-Opening Cyclization 
With a set of optimized conditions for successful batch synthesis of 
hydropyrido[1,2-a]indoles 50, 50b-c in hand, an attempt to transfer these transformations 
to continuous flow was in order (Table 4.3). To our delight, CF proved to be an efficient 

















































49b (R1, R2 = Me; R3 = Ph
49c (R1 = CH2CO2Me; R2 = H; R3 = PMP









a Reaction run with 49 (0.3 - 0.75 mmol scale, 1 equiv) and In(OTf)3 (X mol%) in DCM (0.1 M). b 
Reaction was too slow as determined by 1H-NMR.
c Yield in parantheses is for prematurate quenching/isolation after 20 min.










synthesized in excellent yields, comparable to the respective batch results. In fact, the 
continuous flow synthesis of 50, 50c and 50d revealed CF to be superior to batch for 
those substrates. Typically, relatively low yields are obtained from the reactor after the 
first residence time (15 minutes) as the flow reactor approaches steady state. Thereafter, 
all products were obtained in near-quantitative yields at virtually all residence times (30, 
45, and 60 min). In addition, these examples showcased flow ring-opening cyclizations in 
high throughputs (4.3-5.6 g h-1), with the capability for even higher values (via easy 
scale-up or scale-out techniques).  The successful implementation of flow technology of 
fast ring-opening cyclizations under sustainable reaction conditions (MeCN solvent, low 
catalyst loading of In(OTf)3) was significant step towards sustainable scalable and cost-
effective synthesis of hydropyrido[1,2-a]indoles.  
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Table 4.3. Continuous Flow Ring-Opening Cyclizations. 
 
4.5.3.3 Batch Cyclopropanation 
Efforts were made to optimize cyclopropanation using diazo 44 and alkene 47b as 
the model system (Table 4.4). The variables taken into account included 44:47b mole 
ratio, catalyst loading, solvent and temperature. PhMe provided excellent reactivities 
(chemical yield and reaction time) for this transformation, affording up to 89% yield of 
the cyclopropane product 49 in 5-15 min timeframes (Table 4.4, entries 1, 8-12). 
Unfortunately, PhMe had only been a moderately efficient as a solvent during the ring-
opening cyclization optimization. Utilizing the same solvent for both the 
cyclopropanation and cyclization transformations would of immense benefit, precluding 
the need for tricky in-line solvent switches. Therefore, MeCN, successfully implemented 





















0.1 M CH3CN, rt
Batch: 96% yield
15 min: 82% yield
30 min: 99% yield
45 min: 99% yield
60 min: 99% yield
5 mol% In(OTf)3
0.1 M CH3CN, rt
Batch: 90% yield
15 min: 66% yield
30 min: 96% yield
45 min: 96% yield
60 min: 95% yield
15 mol% In(OTf)3
0.1 M CH3CN, 50 oC
Batch: 99% yield
15 min: 65% yield
30 min: 93% yield
45 min: 93% yield
5 mol% In(OTf)3
0.1 M CH3CN, rt
Batch: 79% yield
15 min: 76% yield
30 min: 98% yield
45 min: 93% yield





Throughput: 5.2 g h-1 4.8 g h-1 5.6 g h-1 4.3 g h-1
DCM
        step 2:
   Ring-opening
     Cyclization















MeCN room temperature were sluggish and took 48 h to achieve complete conversion 
(Table 4.4, entries 2-4). Temperatures of 82 °C and 50 °C, with 1.1:1 ratios of 44:47b, 
provided faster reactions (< 20 minutes) in good yields (77% and 73%, respectively) 
(Table 4.4, entries 5, 7). The lower of the two temperatures, 50 °C, and its accompanying 
reaction conditions were chosen as the optimized conditions (Table 4.4, entry 7). In 
addition, when alpha methyl styrene (47c) was used as the alkene in the reaction, its 
respective cyclopropane 49b was obtained in a 73% yield (Table 4.4, entry 13). 
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Table 4.4. Optimization of Batch Cyclopropanationa. 
 
 
4.5.3.4 Continuous Flow Cyclopropanation 
An attempt was made to carry out Rh2esp2-catalyzed cyclopropanations in flow 
(Table 4.5). For the synthesis of cyclopropane 49, continuous flow afforded good yields 
(83%, 83%, 79%) at the different residence times. These results were good agreement 



























































































11 1.0 PhMe 50 15 min 771 : 1.3
12 1.0 PhMe 50 15 min 771 : 1.5
a Reaction run with diazo 44, alkene 47b and Rh2esp2 (X mol%) in DCM (0.2 M). b Isolated yields after column        
 chromatography, major diastereomer shown, typical drs: 8.4:1 - 8.6:1. c Product not isolated. d Reaction carried










enabled a satisfactory 3.9 g h-1 product throughput of 49. However, attempts to synthesize 
cyclopropane 49b in flow led to modest product yields (54%, 57%, and 59%), 
significantly less than the corresponding batch result (73%). This disparity can be 
attributed to the relatively slow reaction of α-methyl styrene (47b), due to being both 
more electron-poor and sterically encumbered with respect to p-methoxystyrene (47b). 
Another important factor in diazo-based cyclopropanations is the generation of molecular 
N2, which causes irregularities in flow rate. Typically, this effect can be mitigated 
through lowering the reactor flow rate; this seemed effective for the faster-reacting alkene 
47a, but not with the slower 47b. In any case, flow chemistry still provided cyclopropane 
49b in a respectable 2.6 g h-1 product throughput.  
 
















0.2 M CH3CN, 50 oC
Batch: 89% yield
36 min: 83% yield
60 min: 83% yield
90 min: 78% yield
1 mol% Rh2(esp)2
0.2 M CH3CN, 50 oC
Batch: 73% yield
30 min: 54% yield
60 min: 57% yield






























4.5.3.5 Batch Tandem Cyclopropanation/Ring-Opening Cyclization 
With the single-step transformations (cyclopropanation an ring-opening 
cyclization) now successfully optimized under batch conditions and transferred to flow, 
the penultimate goal of combining these transformations in a tandem format could now 
be attempted. In the batch setup, diazo 44, Rh2esp2, and alkene 47a or 47b were mixed 
and reacted in an initial cyclopropanation event (Table 4.6). Following complete 
conversion to the respective cyclopropane 49 or 49b, a solution of In(OTf)3 was added to 
the flask, directly, without any intermediary purification or workup. These tandem 
reactions were optimized to utilize low catalyst loading, while providing high catalyst 
loadings in short reaction timeframes (< 20 min per individual step). Gratifyingly, 
efficient and sustainable tandem cyclopropanation/cyclizations were demonstrated to be 
possible; optimal batch conditions for the tandem synthesis of hydropyrido[1,2-a]indole 
50 (88% yield) were found to be 1 mol% Rh2esp2, 5 mol% In(OTf)3 (Table 4.6, entry 1), 
while those for 50c (91% yield) were 1 mol% Rh2esp2, 5 mol% In(OTf)3 (Table 4.6, entry 
5). In both tandem transformations, reactions has to be heated to 50 °C for efficient 
reactivity in suitable reaction timeframes.  
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Table 4.6. Tandem Cyclopropanation/Cyclization Optimizationa. 
 
 
4.5.3.6 Continuous Flow Tandem Cyclopropanation/Ring-Opening Cyclization 
With the tandem cyclopropanations/cyclizations now successfully optimized in 
batch, a continuous flow tandem, multistep continuous flow synthesis of 
hydropyrido[1,2-a]indoles 50 and 50c was attempted Table 4.7). The reactor 
configuration featured solutions of diazo 44 (feed 1) and Rh2esp2/alkene 47a or 47b (feed 
2) that were separately introduced into the reactor 1 for an initial cyclopropanation 
reaction. The resulting cyclopropane was fed, directly, into reactor 2 where an incoming 
stream of In(OTf)3 (feed 3) initiated the ring-opening cyclization. This tandem 
continuous flow setup afforded hydropyrido[1,2-a]indoles 50 and 50c directly from diazo 

















































a Reaction run with diazo 44, alkene 47, Rh2esp2 (X mol%),In(OTf)3 (X mol%) in MeCN (0.1 M).  










50 (R1 = H; R2 = PMP)






consistently produced in near quantitative yields (96-99%) across several residence times, 
and in high throughput (4.7 g h-1). In this case, continuous flow clearly out-performed the 
respective batch outcome (88% yield).   On the other hand, tandem flow synthesis of 50c 
led modest yields (56-66%, 2.8 g h-1 throughput) that were lower than the corresponding 
batch result (91%). Again, a combination of slow rate of cyclopropanation coupled with 
flow rate irregularities due to N2 extrusion could account for this disparity. However, in 
undertaking these flow tandem transformations, no in-line solvent switching or reagent 
scavenging were necessary.  
 














0.1 M CH3CN, rt
Batch: 88% yield
50 min: 96% yield
60 min: 96% yield
70 min: 99% yield
80 min: 99% yield
90 min: 99% yield
1 mol% Rh2esp2
15 mol% In(OTf)3
0.1 M CH3CN, 50 oC
Batch: 91% yield
50 min: 66% yield
60 min: 58% yield
70 min: 65% yield
80 min: 56% yield





Throughput: 4.7 g h-1 2.8 g h-1
        Tandem
Cyclopropanation/
     Cyclization
50 50c
pump 1






















4.5.4 Summary: Continuous Flow Tandem Cyclopropanation/Ring-Opening   
Cyclization 
Continuous flow technology offers many advantages over batch setups: (1) 
efficient temperature control and mixing; (2) easy automation; (3) safe handling of 
hazardous reagents/intermediates; (4) easy scale-up/scale-out on a small footprint; (5) the 
ability to heat reactors above the solvents’ boiling points; (6) reduction of waste, (7) 
lowered production costs, (8) increased reaction reproducibility and enhanced product 
quality, and (9) the potential for uninterrupted, multi-step reaction sequences. In an effort 
to leverage some of these important advantages, flow chemistry was applied for the 
synthesis of hydropyrido[1,2-a]indoles. The hydropyrido[1,2-a]indole core features in 
many important indole alkaloid natural products and can be synthesized via interesting 
cyclopropanation/cyclization protocol. Using a strategic and streamlined approach, 
cyclopropanations and ring-opening cyclizations were separately optimized under batch 
conditions and then transferred to flow. Next, tandem cyclopropanations/cyclization were 
also successfully undertaken in flow. These examples represent the first examples of 
homo-Nazarov-type tandem cyclopropanation/ring-opening cyclization processes in flow. 
Generally, continuous flow led to enhanced reactivity and higher yields, with the 
exception of cases wherein a relatively electron-poor alkene was involved. In all cases, 
however, moderate to high product throughputs were obtained for both the individual 
steps and the tandem transformation. The successful transfer from batch to flow was also 
capped by use of sustainable reaction conditions: (1) MeCN as a “green” solvent for both 
steps; (2) low catalyst (Rh2esp2/ In(OTf)3) loadings; (3) fast reaction times.  
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4.6 EXPERIMENTAL SECTION 
• For supporting information (including characterization) for continuous flow 
tandem reactions see: Aponte-Guzmán, J.; Shenje, R.; Huang, Y.; Woodham, W. 
H.; Saunders, S. R.; Mostaghimi, S. M.; Flack, K. R.; Pollet, P.; Eckert, C. A.; 
Liotta, C. L., France, S. Tandem, Bicatalytic Continuous Flow Cyclopropanation-
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CHAPTER 5  SYNTHETIC EFFORTS TOWARDS 
PROPOLISBENZOFURAN B 
5.1 D-A cyclopropanes: an Upcoming Versatile Class of Building Blocks 
Donor-acceptor (D-A) cyclopropanes are an increasingly popular subclass in the 
cyclopropane family of building blocks. Without the necessary activation by appropriate 
substituents, cyclopropane, by itself, is relatively kinetically stable and does not readily 
undergo a plethora of interesting transformations. On the other hand, vicinally 
substituting cyclopropane with donor and acceptor groups weakens the adjoining C1–C2 
bond, allowing milder heterolytic bond scission  (Figure 5.1, A).1 Studied have shown 
that the more vicinal donor and acceptor substituents are on cyclopropane, the more 
readily it undergoes predictable ring-opening chemistry.  This ring-opening event 
generates 1,3-dipoles, intermediates that can undergo a multitude of cyclization,2 
cycloaddition,3 and nucleophilic addition4 reactions (Figure 5.1, B). Consequently, D-A 
cyclopropanes have been utilized as precursors to 1,3-di-functionalized alkanes, bicyclic 
compounds, 1,2-oxazines, cyclohexanones, tetrahydropyrans, and fused heteroaromatics, 




Figure 5.1. D-A Cyclopropanes as Synthetic Building Blocks. 
 
5.2 D-A Cyclopropanes: Utility in Total Synthesis of Natural Products 
Undoubtedly, D-A cyclopropanes are promising precursors for building chemical 
diversity. Chapter 1 highlighted the utility of D-A cyclopropanes as highly versatile 
building blocks that allow synthesis of many interesting chemical motifs. As further 
testament to their synthetic utility, D-A cyclopropanes have been incorporated in the total 
synthesis of natural products. More than forty years ago, Stork et. al. reported a novel D-
A cyclopropane ring-opening cyclization for synthesizing interesting fused polycycles 2 
and 3 (Scheme 5.1, A).6 This methodology involved the ring-opening and cyclization of 
cyclopropane 1 following Lewis acid activation. Products 2 and 3 are regioisomeric and 
result from para- or ortho-directed Friedel-Crafts-type cyclization. Following the 
development of this methodology, Corey et al. were able to apply it to the total synthesis 
of (±)-cedrene (7) and (±)-cedrol (6) (Scheme 5.1, B).7 In this endeavor, an 
intramolecular attack by the alkene of 4 leads to the formation ketone 5, cedron. Cedron 
(5) was then used for the divergent syntheses of (±)-cedrene (7) and (±)-cedrol (6). 
Following these reports, Marino et. al. later applied a similar strategy for the formal 













1,3-dipoleD = electron donors: aryl, vinyl, alkyl, alkoxyl groups etc





















approaches ultimately inspired the synthesis of natural products such as prostaglandins 
E2(9) and F2α(10) (Scheme 5.1, C).9 Since these pioneering examples, many synthetic 
chemists have adopted D-A cyclopropanes for concise targeted syntheses of alkaloid, 
terpenoid, and steroid natural products.1a  
 
 












































































5.3 The Homo-Nazarov Cylization: A Potential Vehicle for Total Synthesis 
One transformation that utilizes D-A cyclopropane, the homo-Nazarov 
cyclization, has emerged recently and possesses much potential as a tool for chemical 
synthesis. Cyclopropyl vinyl ketones 11, in the presence of Lewis or Bronsted acid 
promoters, undergo polar, stepwise intramolecular ring-opening cyclizations leading to 
the eventual formation of cyclohexenones 14 (Scheme 5.2).2b, 10 Mechanistically, 6-
membered cyclic oxyallyl cations 13 are formed in the reaction upon π–cyclization of 
acyclic intermediates 12. Oxyallyl cations 13 are then subject to an elimination-
tautomerization sequence to provide functionalized cyclohexenones 14. As discussed in 
Chapter 2, the homo-Nazarov reaction is a relatively new transformation that has only 
recently started gaining popularity as viable and reliable means to rapidly build molecular 
complexity.  
 
Scheme 5.2. The Homo-Nazarov Cyclization. 
 
Early protocols of the homo-Nazarov cylization involved use of stoichiometric 
amounts of Lewis and Bronsted acids. Furthermore, typical activators of this 
transformation included SnCl4 and polyphosphoric acid. The need for stoichiometric 
amounts of these hazardous acids was an obvious disadvantage of the homo-Nazarov 































cyclopropyl ketone polar 6-membered 6-membered
11 12 13 14
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has been heavily invested method development and expansion involving homo-Nazarov 
cyclizations (Scheme 5.3, A).11 Two main goals have been of particular interest: (1) need 
to develop milder reaction conditions for this transformation; and (2) expanding the 
substrate scope. These, efforts have been greatly rewarded, catalytic homo-Nazarov 
cyclizations have been developed, mainly through two ingenious strategies: (1) use of α-
heteroatoms on the alkenyl moiety; and (2) incorporation of secondary acceptor groups. 
An α-heteroatom, such as in cyclopropane 16, benefits the transformation by rendering 
the olefin more nucleophilic, enabling rapid capture of the carbocation formed following 
ring-opening (Scheme 5.3, A – strategy 1). On the other hand, installing a secondary 
acceptor group on the cyclopropane (depicted by substrate 19) leads to increased 
polarization of the cyclopropyl C1-C2 bond, thus lowering the activation barrier to ring-
opening (Scheme 5.3, A – strategy 2). As a result of these two strategies, homo-Nazarov 
reactions can now be effected under mild, catalytic conditions while also ensuring 
regiospecific eliminations to form only cyclohexenones 18 and 21. Furthermore, the 
applicability of homo-Nazarov reactions has been expanded to a wide variety of 
substrates allowing access to hexahydrobenzofurans (22), hydropyrido[1,2-a]indoles (23), 
cyclohexenones (24), dihydrobenzofurans (25), cyclohexa[b]indoles (26), 
benzo[c]thiophenes (27) among others (Scheme 5.3, B).2, 10b, 12 Other interesting 
derivatives of the homo-Nazarov cyclization (homo-Nazarov-inspired transformations) 
involving cyclobutane moieties instead of cyclopropanes and an even wider chemical 
space; azepino[1,2-a]indoles (29) and cyclohepta[b]indoles (30) can be synthesized.13  
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Scheme 5.3. Catalysis and Scope of the Homo-Nazarov Cyclization. 
 
Despite the rapid progress that homo-Nazarov chemistry has experienced in the 
last decade, its application in the total synthesis of natural products is still limited. It is 
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transformations will provide an impetus for its adoption by synthetic chemists. In a recent 
homo-Nazarov-inspired application by Waser et al., ring-opening cyclization 
transformations of indole-based D-A cyclopropanes 31 were found to be catalyst-
dependent leading to interesting chemodivergence (Scheme 5.4).14 Under soft Lewis acid 
catalytic conditions, specifically Cu(OTf)2, an arylative ring-opening cyclization 
occurred, efficiently, leading to the formation of cyclohexa[b]indole 33. Subsequent Cbz 
deprotection of 33 concluded the concise, formal synthesis of the natural product 
aspidospermidine (34),15 a proven anticancer agent. On the other hand, Bronsted acid 
conditions (using catalytic TsOH) afforded hydropyridoindole 35 via an N-capture 
pathway.14 Hydropyridoindole 35 required only a few steps to accomplish the total 
synthesis of another anticancer compound, (±)-goniomitine (37). Presumably, the 
differential in cyclization pathways is due to whether acyl iminium intermediate 32 is 
formed in the transformation. The soft Cu(OTf)2 Lewis acid was hypothesized to favor 
the formation of this intermediate which, in turn, led to cyclization via the softer indole 
C3 position. Conversely, a hard-hard interaction is experienced in the case of TsOH, 
where the N-atom quenches an intermediate carbocation on the piperidine ring in 
intermediate 36.   
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Scheme 5.4. Waser's Homo-Nazarov-Inspired Synthesis of Natural Products. 
 
Another homo-Nazarov-inspired approach was used by France and co-workers 
led to a concise and efficient total synthesis of deethyleburnamonine (43) (Scheme 
5.5).12a An initial Rh2esp2-catalyzed cyclopropanation in the presence of enamide 39 
afforded putative cyclopropane 40. This cyclopropane was then subjected to homo-
Nazarov conditions (30 mol% In(OTf)3) leading to its cycloisomerization to 
hydropyrido[1,2-a]indole  41. Subsequent TFA-induced deprotection-intramolecular 
cyclization led to pentacycle 42. Finally, a Krapcho decarbalkoxylation afforded the 
desired natural product, deethyleburnamonine (43). Using this concise six-step linear 
sequence, deethyleburnamonine (43) was synthesized in an impressive 18% overall yield, 
































































Scheme 5.5. France's Homo-Nazarov-Inspired Synthesis of Deethleburnamonine. 
 
5.4 Synthetic Efforts Towards Propolisbenzofuran B 
5.4.1 Thomson’s Propolisbenzofuran B Synthesis 
Propolisbenzofuran B (50), a natural product first isolated from Brazilian propolis 
by Banskota and co-workers, has been documented to be moderately cytotoxic against 
26-L5 carcinoma and human HT-1080 fibrosarcoma cells (Scheme 5.6).17 Structurally, 
propolisbenzofuran B (50) features an interesting and unusually decorated tricyclic 
dihydrobenzofuran core appended with an electron-rich aryl group. Fascinated by the 
structure of propolisbenzofuran B, Thomson and co-workers embarked on its total 
synthesis (Scheme 5.6).17a Enone 44, formed via a three-step protocol, was subjected to 
silyl enol ether-formation conditions in the presence of LDA to furnish silyl bis-enol 
ether 46. This step involved a reaction with previously prepared enone 45. An oxidative 



















































47. PCC and TMSOTf conditions induced a benzofuran annulation of diketone 47 to 
afford benzofuran 48. Phenol protection using i-PrI followed by a CrO33,5-DMP 
benzylic oxidation furnished 49. Finally, a three-step protocol involving silyl 
deprotection using 20% HF, acetylation of the resulting alcohol in the presence of Ac2O, 
and AlCl3-removal of the isopropyl ether protecting groups enabled the formation of 
propolisbenzofuran B (50). The complete sequence of propolisbenzofuran B synthesis 
was accomplished in 13 steps (longest linear sequence). 
 
Scheme 5.6. Thomson's Propolisbenzofuran B Synthesis. 
 
5.4.2 France Group’s Homo-Nazarov Strategy Towards Propolisbenzofuran B 
 Thomson’s 13-step protocol heralded the first total synthesis of 
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this synthesis were apparent: (1) long synthetic sequence given the structural simplicity 
of 50; (2) arduous use of protection/deprotection strategies; (3) several inefficient and 
low-yielding steps were encountered.17a A more concise and efficient synthetic strategy 
towards propolisbenzofuran B would be beneficial to the synthetic community. Given its 
contiguous, tricyclic core (51) that is appended by an additional aryl group, 
propolisbenzofuran B rendered itself a potentially viable target for homo-Nazarov 
chemistry (Scheme 5.7, A). A retrosynthetic analysis, featuring a concise homo-Nazarov 
strategy, was in order (Scheme 5.7, B). As a starting point, propolisbenzofuran B was 
stripped of its peripheral functional group decoration to leave a reasonable truncated 
model system 53. Conceivably, model system 53 would be derived from fused lactone 54 
through an acid-promoted hydrolysis-decarboxylation strategy. Importantly, lactone 54 
would result from the catalytic homo-Nazarov cyclization of densely functionalized D-A 
cyclopropane 55. A strategic intramolecular cyclopropanation of E-alkene-tethered diazo 
56 would provide the requisite D-A cyclopropane 55. Diazo 56 would be obtained, in 
turn, from β-keto ester 57 via a diazo transfer reaction. Overall, this strategy would 
showcase the utility of homo-Nazarov approaches for total synthesis while also providing 
a potentially more concise route (with respect to Thomson’s approach) to 
propolisbenzofuran B.  
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Scheme 5.7. Homo-Nazarov Approach to Propolisbenzofuran B. 
 
5.4.2.1 Synthesis of D-A Cyclopropane 55 
 Acid 58 was subjected to acid chloride-forming conditions ((COCl)2; cat. DMF) 
and the acid chloride formed therein was added to the enolate of acetate 59 (formed from 
a LHMDS deprotonation) (Scheme 5.8). The resulting β-keto ester 57 was then subjected 
to a diazo transfer protocol that afforded diazo 56 in 80% yield. Gratifyingly, a 
cyclopropanation event under catalytic Rh2esp2 conditions led to D-A cyclopropane 55 in 


























































Scheme 5.8. Synthesis of D-A Cyclopropane Precursor. 
 
5.4.2.2 Optimization of homo-Nazarov Cyclization for Propolisbenzofuran B Core 
 With the requisite D-A cyclopropane 55 in hand, optimization of its homo-
Nazarov cyclization to the core of propolisbenzofuran B, 54, commenced. Traditionally, 
strongly Lewis acidic and highly oxophilic metal salts have provided the best results for 
ring-opening cyclization in the homo-Nazarov cyclization. With that in mind, an initial 
Lewis acid screen was performed (Table 5.1). In(OTf)3, at a 5 mol% loading, provided 
the desired product 54 in 49% (Table 5.1, entry 1) while increasing its loading to 10 
mol% led to an intractable mixture of desired and by-products (Table 5.1, entry 2). 
Sc(OTf)3 at a loading of 10 mol% provided homo-Nazarov product 54 in a 49% yield. 
Importantly, 1:1 mixture of Ca((NTf)2)2 and n-Bu4NPF6 (10 mol% each) outperformed all 
other Lewis acids, smoothly providing 54 in 63% yield (Table 5.1, entry 6). All other 




































Table 5.1. Lewis Acid Screen for Homo-Nazarov Cyclizationa. 
 
 
 A follow-up solvent screen and concentration optimization was performed. DCM 
and 1,2-DCE were clearly the best solvents for this transformation, giving yields of 63% 
and 44% respectively (Table 5.2, entries 1, 2). Other solvents investigated completely 
stalled the transformation, either through sequestration of the catalyst or inability to 
dissolve cyclopropane 55 and/or catalyst. A further investigation of concentration effects 
in DCM indicated 0.2 M to be optimum (Table 5.2, entry 1). Thus, the optimized 
conditions for the homo-Nazarov cyclization of D-A cyclopropane 55 to cyclohexenone 
54 were: 10mol% Ca((NTf)2)2/n-Bu4NPF6 in DCM at cyclopropane concentration of 0.2 
M. The successful cycloisomerization of D-A cyclopropane 55 to a simplified model 
O
O O























b these Lewis acids led to degradation and/or intractable reaction
 outcomes. All other Lewis acids employed did not afford any of







In(OTf)3 10 4 --
Al(OTf)3 10 24 --4
Hf(OTf)4 10 3 --5
Cu(OTf)2 10 24 --8
keto-enol
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system for the core of propolisbenzofuran B validated the potential of a homo-Nazarov 
cyclization approach to the total synthesis of propolisbenzofuran B. 
 
Table 5.2. Solvent and Concentration Optimizationa. 
 
 
5.4.2.3 Stereochemical Outcomes for Ring-Opening Cyclization 
It had been hoped that used of a D-A cyclopropane 55, featuring a trans 
relationship between groups C1 and C2 would potentially afford cyclohexanone 54a, 
wherein the same stereochemical relationship was maintained (Scheme 5.9, A). Such 
stereo-transfer would likely arise from a significant degree of synchronicity in the ring-
opening cyclization step, during which build-up of positive charge at carbon C1 (as the 
























b these Lewis acids led to degradation and/or intractable reaction
 outcomes. All other Lewis acids employed did not afford any of







1,2-DCE 0.2 4 44
Acetone 0.2 24 --4
EtOAc 0.2 24 --5






benzofuran. Synchronous cyclopropane ring-opening cyclizations are possible and have 
been explored in literature.1b However, experimental evidence indicated that diastereomer 
54c, featuring a cis configuration between C1 and C2, was the preferred product from the 
homo-Nazarov cyclization of cyclopropane 55. This result points towards a highly 
asynchronous ring-opening cyclization process, whereby a distinct carbocation on C1, in 
intermediate 55’, is formed during the transformation (Scheme 5.9, B). The planarity of 
carbocation 55’ ensures the possibility of π-attack from either face, a feature that results 
in loss of stereochemical fidelity. This stereochemical outcome, while disappointing, did 
not necessarily rule out homo-Nazarov chemistry as potential pathway to the synthesis of 
propolisbenzofuran B. In light the observed stereochemical outcome, a plausible set 
strategies going forward can be envisaged: (1) synthesis of epi-propolisbenzofuran B; and 
(2) incorporating an epimerization event whereby synthesis of propolisbenzofuran B can 
still be undertaken. Of note was the fact that homo-Nazarov product 54c, bearing a β-keto 
ester moiety, underwent rapid tautomerization and existed as a keto-enol mixture (in 
CDCl3, the NMR solvent). In any case, stereochemistry at C3 was inconsequential; a later 
decarboxylation would remove that stereo center.   
 199 
 
Scheme 5.9. Impact of Ring-Opening Cyclization Synchronicity on Stereochemistry. 
 
 
5.4.2.4 Summary and Conclusion: Synthetic Efforts Towards Propolisbenzofuran B 
A homo-Nazarov cyclization protocol for accessing the core of 
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cyclopropanation provided the lactone-fused D-A cyclopropane needed for the 
cyclization. The homo-Nazarov protocol itself required 10 mol% Ca((NTf)2)2/n-
Bu4NPF6. Given the successful validation of this homo-Nazarov strategy on a model 
system, its application to the total synthesis of propolisbenzofuran be can now be 
envisioned (Scheme 5.10). In light of the stereochemical outcome of this transformation, 
epi-propolisbenzofuran B (62) can conceivably be synthesized from 61, the potential 
homo-Nazarov outcome of fully elaborated D-A cyclopropane 60. The total synthesis of 
propolisbenzofuran B (50) itself would be completed by including an epimerization step 
(on aldehyde 63) to set the required trans relationship at positions C1 and C2. This 
divergent approach to epi- and propolisbenzofuran B would be benefit the synthetic 
community by showcasing the enormous potential of the homo-Nazarov cyclization in 
natural products total synthesis.  
 






































































5.4.3 EXPERIMENTAL SECTION  
5.4.3.1 General Methods 
Chromatographic purification was performed as flash chromatography with 
Silicycle silica gel (40-65µm) or preparative thin-layer chromatography (prep-TLC) 
using Silicycle silica gel F254 (1000 µm) plates and solvents indicated as eluent with 0.1-
0.5 bar pressure. For quantitative flash chromatography, technical grades solvents were 
utilized. Analytical thin-layer chromatography (TLC) was performed on EMD silica gel 
60 F254 TLC glass plates. Visualization was accomplished with UV light. 
Infrared (IR) spectra were obtained using a Nicolet 4700 FTIR with an ATR 
attachment from SmartOrbit Thermoelectronic Corp and by attenuated total reflection 
(ATR) through a diamond plate on a Bruker Optics Alpha-P FTIR spectrometer or using 
a Shimadzu IRAffinity-1S FTIR with a Specac Quest ATR attachment. The IR bands are 
characterized as weak (w), medium (m), and strong (s). Proton and carbon nuclear 
magnetic resonance spectra (1H NMR and 13C NMR) were recorded on a Varian Mercury 
Vx 300 MHz spectrometer, or Bruker 400 MHz and 500 MHz spectrometers with solvent 
resonances as the internal standard (1H NMR: CDCl3 at 7.26 ppm; 13C NMR: CDCl3 at 
77.0 ppm). 19F NMR spectra were recorded on a Bruker 400 MHz spectrometer using 
PhCF3 as an external standard. 1H and 19F NMR data are reported as follows: chemical 
shift (ppm), multiplicity (s = singlet, d = doublet, dd = doublet of doublets, dt = doublet 
of triplets, ddd = doublet of doublet of doublets, t = triplet, m = multiplet, br = broad), 
coupling constants (Hz), and integration. Mass spectra were obtained MicroMass 
Autospec M.  The accurate mass analyses were run in EI mode at a mass resolution of 
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10,000 using PFK (perfluorokerosene) as an internal calibrant. Uncorrected melting 
points were measured with a digital melting point apparatus (DigiMelt MPA 160). 
Yields refer to isolated yields of analytically pure material unless otherwise noted. 
All reactions were carried out in oven-dried glassware under an atmosphere of N2, unless 
stated otherwise. Tetrahydrofuran and Diethyl ether were distilled from a 
sodium/benzophenone ketyl under N2 and stored in a Schlenk flask. 1,2-dichloroethane 
and dichloromethane was purified by distillation from calcium hydride under N2 prior to 
use. Acetonitrile was dried by fractional distillation over CaH2. Benzene was purified by 
drying with CaH2. Nitromethane was distilled over CaH2 and stored under nitrogen under 
4Å molecular sieves. All other reagents were purchased from Acros, Sigma-Aldrich, 
Fluka, VWR, Merck, Alfa Aesar, TCI and Strem (for metal catalysts) and used without 
further purification unless otherwise noted. 
 
Synthesis of keto ester 57 
 
To a solution of acid 58 (1.0 g, 6.16 mmol) in DCM (20 mL) was added oxalyl 
chloride (0.64 mL, 7.40 mmol) and 2 drops of DMF. The reaction was allowed to run for 
3 hours after which the mixture was concentrated under reduced pressure and re-
dissolved in 20 mL of THF. This solution was added to the enolate of ester 59 [formed 
from reaction of ester 59 (1.14 g, 6.47 mmol) in THF (20 mL) and LiHMDS (1 M, 12.95 
mL, 12.95 mmol)]. The reaction mixture was stirred for 1 h and quenched with aq. 






were dried with Na2SO4, and purified by silica gel column chromatography (eluting with 
EtOAc/hexane). Keto-ester 57 was obtained as a yellow oil (861.3 mg, 44% yield). 1H 
NMR (300 MHz, CDCl3) δ = 12.06 (s, 0.23H), 7.74 - 7.21 (m, 15.45H), 6.77 - 6.58 (m, 
1.53H), 6.40 - 6.18 (m, 1.54H), 5.93 (s, 0.27H), 4.89 (dd, J=1.3, 6.3 Hz, 0.57H), 4.83 (dd, 
J=1.3, 6.4 Hz, 2.03H), 4.74 (dd, J=1.3, 6.4 Hz, 0.35H), 4.04 (s, 2H). 13C NMR (75 MHz, 
CDCl3) δ: 182.9, 166.7, 155.9, 134.7, 128.8, 128.7, 128.6, 128.2, 126.7, 124.2, 123.6, 
122.9, 122.4, 114.2, 112.6, 111.7, 108.9, 66.1, 45.9.  
 
Synthesis of diazo 56 
 
To a solution of keto-ester 57 (0.863 g, 2.69 mmol) in MeCN (20 mL) was added TsN3 
(0.636 g, 3.2 mmol) and Et3N (0.449 mL, 3.2 mmol) and the reaction was stirred for 18 h. 
Purification by silica gel column chromatography (eluting with EtOAc/hexane) afforded 
diazo 56 was obtained as a yellow oil (742 mg, 80% yield). 1H NMR (300 MHz, CDCl3) 
δ = 7.86 (d, J=0.9 Hz, 1H), 7.74 - 7.69 (m, 1H), 7.59 - 7.53 (m, 1H), 7.47 (s, 1H), 7.43 - 
7.38 (m, J=1.3 Hz, 2H), 7.37 - 7.27 (m, 3H), 6.72 (d, J=15.8 Hz, 1H), 6.33 (td, J=6.5, 
15.9 Hz, 1H), 4.96 (dd, J=1.2, 6.6 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ = 172.28, 
160.79 (s, 2C), 155.10 (s, 2C), 150.59, 135.97 - 135.79 (m, 3C), 135.48 - 135.31 (m, 5C), 
128.75 - 128.55 (m, 8C), 128.36 (s, 5C), 128.31 (s, 4C), 126.91 (s, 2C), 126.73 (s, 9C), 








Synthesis of cyclopropane 55 
 
To a solution of diazo 56 (0.1 g, 0.29 mmol) in DCM (13.1 ML) was added Rh2esp2 (1 
mg, 0.0013 mmol). The reaction was stirred for 3 h, concentrated under reduced pressure 
and purified by alumina gel column chromatography (eluting with EtOAc/hexane) to 
afford cyclopropane 55 was obtained as a yellow solid (73.1 mg, 80% yield). 1H NMR 
(300 MHz, CDCl3) δ = 7.78 (s, 1H), 7.68 - 7.62 (m, 1H), 7.49 - 7.36 (m, 2H), 7.27 - 7.19 
(m, 1H), 7.18 - 7.05 (m, 4H), 4.63 - 4.55 (m, 1H), 4.45 (d, J=9.4 Hz, 1H), 3.51 (t, J=5.1 
Hz, 1H), 3.05 (d, J=5.3 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ = 178.29 (s, 2C), 
170.84, 155.83 (s, 3C), 151.41 (s, 2C), 131.60 (s, 3C), 128.98 (s, 5C), 128.66 (s, 9C), 
128.16 (s, 4C), 127.69 (s, 12C), 127.02 - 126.83 (m, 4C), 123.90 (s, 6C), 118.70 (s, 2C), 
112.47 (s, 5C), 68.26 (s, 4C), 44.53 (s, 3C), 38.16 (s, 5C), 26.32 (s, 5C).  
 
5.4.3.2 General Procedure for the homo-Nazarov Cyclization Synthesis of 54c 
A round-bottom flask was charged with the appropriate amount of Lewis acid 
catalyst and cyclopropane 55 (0.3 mmol scale). The appropriate solvent was added to the 
flask and the reaction was stirred until complete conversion. Reactions that did not afford 
any conversion in 24 h were discarded. Upon complete conversion, reaction mixture was 
concentrated under reduced pressure and purified using either alumina gel column 






Synthesis of pentacycle 54c 
 
Synthesized according to the general procedure using 55 (70 mg, 0.22 mmol), and 
In(OTf)3 (6.2 mg, 0.011 mmol) in DCM (1.1 mL). Purification carried out using 
preparative-TLC (eluting with EtOAc/hexane) to afford 54c as an oily keto-enol mixture 
(34.3 mg, 49%). 1H NMR (400 MHz, CDCl3) δ = 11.58 (s, 0.02H), 11.47 (s, 0.13H), 
7.67 - 7.64 (m, 1.22H), 7.52 - 7.49 (m, 2.28H), 7.37 - 7.29 (m, 3.26H), 7.24 - 7.15 (m, 
6.14H), 7.10 - 6.93 (m, 1.48H), 4.88 - 4.84 (m, 0.26H), 4.68 - 4.63 (m, 1H), 4.49 - 4.46 
(m, 0.25H), 4.37 - 4.31 (m, 1H), 4.30 - 4.24 (m, 0.46H), 4.19 - 4.14 (m, 2H), 3.70 - 3.63 
(m, 1H). 13C NMR (101 MHz, CDCl3) δ = 182.69, 171.49 (s, 2C), 155.82, 150.84 (s, 2C), 
137.04 - 136.66 (m, 3C), 129.40 (s, 2C), 129.16 (s, 5C), 129.03 (s, 2C), 127.43 (s, 4C), 
126.75, 124.16 (s, 3C), 123.58 (s, 2C), 112.43 (s, 4C), 79.24 (s, 3C), 69.73 (s, 2C), 51.23 
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CHAPTER 6  CONCLUSIONS AND FUTURE OUTLOOK 
6.1 Introduction: Strained Carbocycles As Precursors To Molecular Complexity 
 Cyclopropanes and cyclobutanes, when activated with donor and acceptor groups, 
provide facile access to a plethora of interesting chemical scaffolds. Importantly, D-A 
cyclopropanes and cyclobutanes undergo efficient reactivity under mild Lewis acid 
conditions. This reactivity can be carried out in a modular fashion allowing for broad 
substrate scope enabling access to wider chemical space. In this thesis, D-A 
cyclopropanes and cyclobutanes were systematically used as chemical precursors to a 
variety of natural product-like scaffolds. Firstly, novel interrupted formal homo-Nazarov 
cyclizations were investigated and provided concise entry into α-arylated cyclohexenols, 
α-allylated cyclohexenols, and hexahydrobenzofurans (Figure 6.1). In a different pursuit, 
formal [5+2] cycloadditions, presumably occurring via D-A cyclobutane intermediates, 
afforded efficient, high-yielding and diastereoselective access to azepino[1,2-a]indoles 
and cyclohepta[b]indoles, two important backbones in the indole alkaloid family of 
natural products (Figure 6.1). Finally, homo-Nazarov-inspired cyclizations of 
strategically-chosen D-A cyclopropanes were successfully employed in the synthesis of 
hydropyrido[1,2-a]indoles (under continuous flow conditions) as well the 




Figure 6.1. Chemical Diversity Acheived Through Strained Carbocycles. 
 
 Presumably, the successful application of D-A cyclopropanes and cyclobutanes 
for enabling rapid chemical diversity and molecular complexity will alert the synthetic 
community about the potential of homo-Nazarov and homo-Nazarov-inspired reactions 
as tools for chemical synthesis. The knowledge gained from the reactivity of D-A 
cyclopropanes and cyclobutanes in this thesis opens up many avenues of research areas 
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6.2 Other Potential Interrupted Homo-Nazarov Cyclizations 
Chapter 2 highlighted novel, Lewis acid-mediated interrupted homo-Nazarov 
cyclizations using D-A cyclopropanes, of the type 3, for the synthesis of 
hexahydrobenzofurans 1, arylated cyclohexenols 6 allylated cyclohexenols 5 (Scheme 
6.1, A). In these methodologies, allylsilanes and electron-rich (hetero)aromatics were 
used as nucleophiles for the interception of the oxyallyl cations formed following ring-
opening cyclization. In addition to performing these syntheses under mild Lewis acid 
conditions, much effort was dedicated to expanding the substrate scope; a variety of 
cyclopropanes, allylsilanes, and (hetero)aromatics were utilized, in a modular fashion, 
leading to robust methodologies.  
As an extension of this chemistry, other synthetic variations can be envisioned. 
Firstly, modification of the D-A cyclopropane precursors to possess a nucleophilic tether, 
such as in 7, would conceivably enable a rapid intramolecular oxyallyl cation trapping 
(depicted in 8) (Scheme 6.1, B). Such reactivity would lead to tricycles, of the type 9, in a 
single synthetic step, and would demonstrate the potential of the homo-Nazarov 
cyclization as a synthetic tool for rapid generation of molecular complexity. Other 
potential interrupted homo-Nazarov reactivity could be done in an intermolecular fashion 
using nucleophiles such alkynes 8, heteroatoms 11, hydride transfer agents such as 10, 
and alkyl aluminum reagents of the type 9 (Scheme 6.1, C). Synthetic transformations 
with these reagents would lead to a divergent plethora of chemical scaffolds from the 
same precursor cyclopropanes.  
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6.3 Possibilities with Formal [5+2]-Cycloadditions 
Chapter 3 explored new formal [5+2]-cycloadditions using indole-based 
alkylidenes 13 and 15 for accessing azepino[1,2-a]indoles 14 and cyclohepta[b]indoles 
16 respectively (Scheme 6.2, A). These methods, involving Lewis acid-catalysis, were 
thought to proceed via intermediate D-A cyclobutanes that rapidly cycloisomerized to the 
final 7-membered products in a final, irreversible transformation. The scope of these 
methodologies proved particularly broad, variously-substituted alkylidenes and alkenes 
were well-tolerated. Furthermore, for the synthesis of azepino[1,2-a]indoles, in particular, 
products were formed in high degrees of diastereoselection (up to 34:1). 
In light of the results obtained in Chapter 3, formal [5+2]-cycloadditions 
involving alkynes 17 can be envisioned (Scheme 6.2, B). Conceivably, reactivity with 
these substrates would initially afford D-A cyclobutenes 18, intermediates that would 
likely ring-open and cyclize to corresponding azepino 19 (bearing unsaturation on the 7-
membered ring). Development of a methodology of this type would be beneficial to the 
synthetic community; no reports of D-A cyclobutene ring-opening cyclization exist in 
literature.  
In another variant of this methodology, intramolecular formal [5+2]-
cycloadditions of tethered alkylidenes 20 under Lewis acid conditions could provide 
iminium intermediate 21 (Scheme 6.2, C). A subsequent intramolecular π-attack onto the 
iminium would afford tetracycle 22. Nitrogen-substituted tetracycles, such as 22, are an 
important scaffold found in many indole alkaloid natural products and their synthesis 
proved particularly elusive using the intermolecular approach developed in Chapter 3.  
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Scheme 6.2. Possibilities with Formal [5+2]-Cycloadditions. 
 
 
Due to our continued interest in indole alkaloid natural products, most of the 
[5+2]-cycloaddition reactivity explored involved N-acyl indole-based alkylidenes (of the 
type 13 and 15) for the synthesis of azepino[1,2-a]indoles and cyclohepta[b]indoles. 
Conceivably, this reactivity can be easily translated to other scaffolds as well, and this 
would allow entry into: (1) pyrrolo[1,2-a]azepinones (23); cyclohepta[b]pyrroles (24); 
cyclohepta[b]furans (25); and benzo-fused cycloheptenones (26) (Figure 6.2). These 
potential scaffolds indicate the enormous synthetic potential of [5+2]-cycloadditions as 
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Figure 6.2. Potential Scaffolds via Formal [5+2]-Cycloadditions. 
 
6.4 Conclusion 
Highlighted in this thesis were a few novel methodologies pioneered to date. 
Methods were developed, for the benefit of the synthetic community, to enable access to 
the following: azepino[1,2-a]indoles, cyclohepta[b]indoles, functionalized cyclohexenols, 
hexahydrobenzofurans, and contiguous, tetracyclic heteroaromatic scaffolds. In pursuing 
these scaffolds, completely new reactivity, was unfolded which included: (1) ring-
opening cyclizations of D-A cyclobutanes; and (2) cycloisomerizations of dense, lactone-
fused D-A cyclopropanes. Additionally, a strategy for an unprecedented bi-catalytic, 
tandem continuous flow approach to hydropyrido[1,2-a]indoles successfully forged using 
“green”, scalable, and high-yielding conditions. Throughout this thesis, significant effort 
was dedicated to widening the accessible chemical space by developing synthetic 
strategies with particular emphasis on modularity and breath of scope. Presumably, with 
these methods in hand, synthetic chemists can now apply them, directly, towards the 
synthesis of select natural products and pharmaceutically relevant compounds. 
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